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Preface by the Series Editor, 
Professor M. Ceccarelli 


This book is part of a book series on the History of Mechanism and Machine 
Science (HMMS). 

This series is novel in its concept of treating historical developments with 
a technical approach to illustrate the evolution of matters of Mechanical Engi- 
neering that are related specifically to mechanism and machine science. Thus, 
books in the series will describe historical developments by mainly looking 
at technical details with the aim to give interpretations and insights of past 
achievements. The attention to technical details is used not only to track the 
past by giving credit to past efforts and solutions but mainly to learn from the 
past approaches and procedures that can still be of current interest and use 
both for teaching and research. 

The intended re-interpretation and re-formulation of past studies on ma- 
chines and mechanisms requires technical expertise more than a merely his- 
torical perspective, therefore, the books of the series can be characterized by 
this emphasis on technical information, although historical development will 
not be overlooked. 

Furthermore, the series will offer the possibility of publishing translations 
of works not originally written in English, and of reprinting works of histori- 
cal interest that have gone out of print but are currently of interest again. 

I believe that the works published in this series will be of interest to a wide 
range of readers from professionals to students, and from historians to tech- 
nical researchers. They will all obtain both satisfaction from and motivation 
for their work by becoming aware of the historical framework which forms 
the background of their research. 

I would like to take this opportunity to thank the authors and editors of 
these volumes very much for their efforts and the time they have spent in 
order to share their accumulated information and understanding of the use of 
past techniques in the history of mechanism and machine science. 


Marco Ceccarelli (Chair of the Scientific Editorial Board) 
Cassino, April 2007 
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Preface 


Ancient China was outstanding in mechanical technology before the 15th 
century. Numerous ingenious machines were invented. However, due to 
incomplete documentation and loss of finished objects, most of the original 
machines cannot be verified and many of the inventions did not pass down 
to later generations. 

This book, based on the author’s research and teaching experiences 
over the last 20 years, is devoted to presenting an innovative methodology 
in the area of mechanical historiography for the systematic reconstruction 
design of ancient Chinese machines that have been lost to time. Its purpose 
is to generate all possible design concepts of lost machines. If the defined 
and/or concluded design specifications, topological characteristics, and de- 
sign requirements and constraints are feasible, one of the resulting recon- 
struction designs should be the original design. Such an approach provides 
a logical tool for historians in ancient mechanical engineering and technol- 
ogy to further identify the possible original designs according to proven 
historical archives. However, this work will not deal with the credibility of 
historical literary works. It supposes that the lost machines existed, and 
tries to demonstrate the feasibility of reconstructing the lost designs. 

The book is organized in such a way that it can be used for teaching, 
research or self-study. Chapter | introduces the study, classifications, and 
process for the reconstruction design of ancient machinery. Chapter 2 
explains the definitions of mechanisms and machines, characteristics of 
mechanical members and joints, concept of constrained motion, topological 
structure of mechanisms, and process of mechanism and machine design. 
Chapter 3 presents the historical development, labor-saving devices, ma- 
chine elements, and mechanisms of ancient Chinese machinery. Chapter 4 
provides a systematic approach for the reconstruction of all possible 
topological structures of lost machines. This approach utilizes the idea of 
creative mechanism design methodology to converge the divergent con- 
ceptions from the results of literature studies to a focused scope, and then 
applies the mechanical evolution and variation method to obtain feasible 
reconstruction designs that meet the scientific and technological standards 
of the subject’s time period. Chapters 5—8 offer examples of lost designs, 
such as Zhang Heng’s seismoscope, Su Song’s escapement regulator, 


xi 
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south-pointing chariots, and Lu Ban’s wooden horse carriage, in a step-by- 
step sequence to illustrate the applications of the reconstruction design 
methodology provided in Chapter 4. 

The book could be used as a textbook and/or supplemental reading 
material for courses related to history of ancient machinery and (creative) 
mechanism and machine design for senior and graduate students in 
mechanical engineering. 

The author’s associations with Professor Marco Cecceralli, Professor 
Jin-Yen Lu, and Professor Baichun Zhang during the past years have been 
very beneficial to the development of this book. The author wishes to 
thank his former graduate students, especially Dr. Tsung-Yi Lin, Dr. 
Chun-Wei Chen, Mr. Kuo-Hung Hsiao, Mr. Kuan-Li Lin, Mr. Cheng-Ping 
Chiu, Mr. Kai Hwang, Mr. Pai-Hung Chen, Mr. Huan-Wen Shen, and Ms. 
Chih-Chin Hung, who contributed much through their dissertations and 
theses. The author also wishes to thank Dr. Hsin-Te Wang, Ms. Yu-Lin 
Chu, and Mr. Robert Pierce, who helped him in the preparation of the book. 

The reconstruction of ancient machines is the key that links ancient 
history and modern history of machines. With today’s ever-developing 
technology and requirements for better and newer products, if one can re- 
flect on the achievements of the past, one might be able to draw knowl- 
edge from the past to produce concrete objects in the present. Perhaps one 
might even be able to generate new ideas from understanding the past. The 
author believes that this book will fill the needs, both academic research 
and teaching, for the reconstruction design of lost ancient machinery and 
creative design of mechanisms and machines. Finally, comments and 
suggestions for improvement and revision of the book will be very much 
appreciated. 


/forg. - Son Vas 

Hong-Sen Yan BAYv5FR 

Department of Mechanical Engineering 
National Cheng Kung University 
Tainan 70101, Taiwan 

May 2007 


Chapter 1 Introduction 


This text explores ancient Chinese machines that have been lost to time, 
and proposes a methodology for systematic reconstruction to allow for 
their rebuilding. This chapter starts with the introduction of the study of 
ancient machines. It proceeds by describing the classifications of ancient 
Chinese machines and the process for their reconstruction design. It ends 
by explaining the application scope of the text. 


1.1 Study of Ancient Machines 


The human motivation to invent machines originated from livelihood re- 
quirements. Man-made machines have increased the production of goods, 
which in turn has affected lifestyle. Subsequently, social structures have 
upgraded due to the progressive development of machines. As a result, the 
invention and improvement of machines have facilitated the advancement 
of society. 

In the long history of Chinese civilization, many ingenious machines 
were invented. Studies relating to the development of ancient machines 
have focused on people, events, objects, and causes [1-4]. Here, people 
refers to those who have contributed and affected inventions, designs, or 
leadership in the development of ancient machines; events refer to the so- 
cial background, technology level, policy decision, and outcome influence 
in machine development; objects refer to the hardware, principles, and 
relevant literature of machines; and causes refer to rules, experiences, and 
lessons learned from the development of machines. All these four concepts 
are interrelated. 

Studying the historical development of machines enables one to trace 
their paths and logics. It also leads one to understand past developmental 
patterns of mechanical technology. The reconstruction of ancient machines 
seeks to rebuild original machines by applying ancient mechanical princi- 
ples, engineering, and craftsmanship. Through such an approach, the re- 
constructed machines can be used to demonstrate the level of mechanical 
technology of their times. 
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1.2 Classifications of Ancient Chinese Machines 


Ancient China was outstanding in its mechanical technology. Numerous 
ingenious machines were invented before the 15th century. However, due 
to incomplete documentation and the loss of finished objects, most original 
ancient machines cannot be verified and many inventions were not passed 
down to later generations. For some designs, later generations could only 
regard these inventions as novelties, and even questioned them as being 
preposterous. 


1.2.1 Classifications based on applications 


Based on their applications, ancient Chinese machines can be classified 
into the following areas [5, 6]: 

Labor-saving devices 

Typical labor-saving devices were simple machines such as wedges, in- 
clined planes, pulleys, levers (rods or links), wheels (pulley blocks), and 
their combinations. 

Transmission elements 

Typical transmission elements were wheels, bearings (cylinders, circular 
shafts), links, levers, cranks, gears, ratchets, cams, ropes, chains, screws 
and springs, and their combinations. 

Water-drawing devices 

Ancient water-drawing devices were the sharp-bottom pottery water con- 
tainer, shadoofs, buckets, pulley blocks, paddle blade devices, water 
siphons, water wheels, dragon-bone water lifts, scoop water wheels, cow- 
driven paddle blade machines, water-driven paddle blade machines, 
dragon tail machines, and others. 

Agricultural devices 

Ancient agricultural devices were pestle machines (tilt hammers, water- 
driven tilt hammers, spoon hammers, foot paddle-operated pestles, and 
connected pestles), grinding machines (mills, grinders, animal-driven mul- 
tiple grinders, water-driven multiple grinders, and animal-driven cable 
grinders), crushers (stone crushers, roller crushers, and water wheelbar- 
rows), windmills (winnowing fans), seeding machines (seed ploughs), and 
others. 

Textile machines 

Ancient textile machines were spinning machine (spinner), weaving ma- 
chine, jacquard harness, and others. 

Mining and metallurgy machines 

Ancient mining and metallurgy machines were drills, jade polishers, the 
water-driven wind box, the dual-action piston wind box, and others. 
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Printing machines 

Ancient printing machines were the rotating composing frame, rotating 
book shelves, and others. 

Military hardware 

Ancient military hardware were flamethrowers, barrel-type guns, rockets, 
catapults, crossbows (sight of crossbow, Zhu-ge crossbow), and others. 
Aviation devices 

Ancient aviation inventions were kites, airborne crafts, bamboo dragonfly, 
parachutes, hot air balloons, double-layered wings, and others. 

Water transportation 

Ancient water transportation designs were ships with paddle wheels, foot- 
driven paddle-wheel ships, rowing vessels, vessels that use rushing water 
(paddle wheel) to travel, armored ships, and others. 

Land transportation 

Ancient land transportation designs were war vehicles, military chariots, 
road carriages, man-powered twin-wheel carriages, carriages with rollers, 
carts with sail, single-wheel carts, south-pointing chariots, hodometers, the 
wooden horse carriage, the wooden cow and gliding horse, and others. 
Fluid machinery 

Ancient fluid machinery included revolving fans, revolving lanterns, 
windmills, and others. 

Astronomical instruments 

Ancient astronomical instruments were devices for observing the move- 
ment of the sun, solar measuring devices made from stone, sundials, com- 
passes, telescopes, simplified armillary spheres, burning clocks, clepsydras, 
armillary spheres, the water-driven armillary sphere, the water-driven as- 
tronomical clock tower, the sand timer, and others. 

Other devices 

There were also numerous other designs, such as the sharp-bottom pottery 
water container, the seismograph, the lathe, the bedsheet censer, foldable 
umbrellas, robots, and others. 


1.2.2 Classifications based on historical archives 


From a restoration viewpoint, ancient Chinese machines, based on their 
historical archives, can be divided into three types: documented and 
proven, undocumented but proven, and documented but unproven [7, 8]. 
Here, historical archives refer to ancient manuscripts, historical artifacts, 
archeological data, and existing physical evidence. Ancient manuscripts 
refer to words and images found in official and unofficial historical records; 
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historical artifacts include buildings, implements, and paintings; archeo- 
logical data include images and language characters on archeological find- 
ings; and existing physical evidence includes excavated ancient machines 
and original historical materials. Because literature on and images of arti- 
facts only show the outer appearance but not the internal structure and di- 
mension of parts, they are considered documented but unproven. Therefore, 
“documented” refers to nonphysical historical materials, while “proven” 
refers to the actual object. 


Type I: Documented and proven 

These refer to actual ancient machines with historical documentation. 
Generally, they are ancient machines that were widely used, some of 
which are excavated ancient machines with relevant literary records from 
their times. For instances, the wooden carriage of the Eastern Zhou Dy- 
nasty (770-256 BC) excavated from the tomb of Guo Guo (%[s¥) in city 
Sanmenxia of province Henan, the old city of Zhenghan in city Xinzheng, 
and the Che Ma Pit of the tomb of Zhao Qing (#8JE) in city Taiyuan of 
province Shanxi. Another example is the bronze arrowhead excavated 
from the Terra Cotta Warrior Pit of the Qin Imperial Tomb in city Xian of 
province Shanxsi. Relevant descriptions of these devices can be found in 
the book Kao Gong Ji (41-41) [9] and later annotations such as Zheng 
Xuan Zhu (y=) during the Eastern Han Dynasty (AD 25-219). In 
addition, Figure 1.1 shows the bedsheet censer (#%F48) of Ding Huan 
(J #2) in the Eastern Han Dynasty around AD 180. 

Some machines such as the water wheel, water-driven tilt hammer, 
dragon-bone water lift, winnowing fan, and weaving machine are so prac- 
tical and fully developed that they are still being used today, and relevant 
descriptions can often be found in historical archives. Others include the 
bedsheet censer and old gears. 


Type If: Undocumented but Proven 

These refer to excavated ancient machines that have no relevant historical 
documentation, such as the copper horse chariot (#i=25) from the Qin 
Imperial Tomb around 210 BC and the sharp-bottom pottery water con- 
tainer (22 JEgj}) excavated from the Yangshao relic site around 4,000 BC, 
Figure 1.2. Another unusual example is ancient Chinese paddle locks, Figure 
1.3 [10, 11]. 

Type II: Documented but Unproven 

These refer to ancient machines that have historical records but no actual 
evidence of existence. These machines can be further classified into those 
with written descriptions and illustrations, with written descriptions but 
without illustrations, and without written descriptions but with illustrations. 
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Figure 1.1 A bedsheet censer 


Figure 1.2 A sharp-bottom pottery water container 
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Figure 1.3 Ancient Chinese paddle locks [10, 11] 
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With written descriptions and illustrations 

Some historical scientific literature contains written descriptions and picto- 
rial illustrations of ancient machines. For instance, the book Wu Jing Zong 
Yao (gURMRAYE) [12] during the Northern Song Dynasty (AD 960-1126) 
has pictorial illustrations of weapons for attacking and defending city walls, 
Figure 1.4. These weapons included bows, crossbows, and catapults. The 
book Xin Yi Xiang Fa Yao (#7/(#AyIEE) [13] also from the Northern 
Song Dynasty contains an illustration of an astronomical clock. The book 
Nong Shu (/) [14] from the Yuan Dynasty (AD 1280-1368) has pic- 
torial illustrations of agricultural implements such as seed ploughs and 
spades, as well as textile machines such as those for spinning and weaving. 
The book Tian Gong Kai Wu (XK [B#%) [15] from the Ming Dynasty 
(AD 1368-1644) has pictorial illustrations of daily implements and manu- 
facturing technology such as agricultural tools, weaving machines, metal- 
lurgies, and bows and crossbows. The article Nan Chuan Ji (paf#H#c) [16] 
from the Ming Dynasty has pictorial illustrations of all kinds of civilian 
and military vessels such as imperial boats, military patrol boats, and 
bridge boats. The publication Wu Bei Zhi (EU) [17] also from the 
Ming Dynasty has pictorial illustrations of weapons for attacking and de- 
fending city walls, such as rifles and cannons, as well as weapons for sea 
and land combat, such as war vehicles and warships. 

With written descriptions but without illustrations 

There are many cases with written descriptions but without illustrations. 
Examples are Lu Ban’s (##2J£) wooden horse chariot during the Eastern 
Zhou Dynasty, Zhang Heng’s (4<{#j) seismograph during the Eastern Han 
Dynasty, Zhu Ge-liang’s (435¢) wooden cow and gliding horse during 
the period of Three Kingdoms (AD 220-280), Zhang Si-xun’s (sf MaJll) tai 
ping hun yi (Ay) during the Northern Song Dynasty, Yan Su’s (zi 
AH) south-pointing chariot during the Northern Song Dynasty, and Kuo 
Shou-jing’s (¥[4F4%) Deng Lou at the Da Ming Hall during the Yuan Dy- 
nasty. Most of the relevant literature focuses on the form and description 
of functions but have simplistic or missing narration of their structure of 
mechanisms. Consequently, there are problems in restoration research that 
require more imagination. 

Without written descriptions but with illustrations 

There are also historical materials with illustrations and missing written 
records. Examples are the picture of the ladder with wheels on the bronze 
pan from the late Warring Period (480—222 BC) excavated from county Ji 
in province Henan. Restoration of this type is similar to the case that is 
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documented but unproven, but is more difficult because more thorough 
examination of the illustrated machine is needed. 

Furthermore, Type HI (documented but unproven) machines can also 
be divided into those that have convinced most scholars, such as the seis- 
mography of Zhang Heng in the Eastern Han Dynasty around AD 132 and 
the astronomical mechanical clock of Su Song (#4) in the North Song 
Dynasty in AD 1088; and those that have not convinced most scholars, 
such as the south-pointing chariot of the Yellow Emperor around 2500 BC 
and the wooden cow and gliding horse of Zhu-ge Liang in the period of 
Three Kingdoms around AD 230. 


Figure 1.4 A crossbow in Wu Jing Zong Yao (gtae#43#) [12] 


1.3 Reconstruction Design of Ancient Machines 


The objective of reconstruction research is to rebuild ancient machines and 
to study their corresponding technology. For surviving ancient machines, 
the original designs are available for various studies. For lost (documented 
but unproven) ancient machines, since the actual machines or even 
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pictorial illustrations are not available for verification, the reconstructed 
machines are often ambiguous and their correctness is difficult to prove. 
In general, the study of their ancient mechanical technology is even more 
difficult than their reconstruction. 

Reconstruction research requires scientific factuality and historical ob- 
jectivity in evaluating things. Only proven facts can be incorporated into 
the reconstruction design, and the unproven should be treated as variables. 
Therefore, the reconstructed design of ancient machines may not be singu- 
lar, and diverse designs are normally unavoidable. Therefore, recon- 
structed designs can be treated as possible ancient machines belonging to 
the same period or as the evolutionary result of use of machines. For ex- 
ample, modern vehicle suspension systems are used to absorb road shocks 
from wheels hitting holes or bumps on the road. Figure 1.5(a)-(c) show 
three designs in 1980 for the rear suspension of motorcycles based on 
the concept of six-bar linkages by Honda (CR250R pro-link), Suzuki 
(RM250X full-floater), and Kawasaki (K X250 uni-trak), respectively [18]. 
These devices were designed for the same purpose, and the level of tech- 
nology involved was similar. In fact, there can be variety in mechanical 
products having the same function; this was true in ancient times as well. 


KO 


(a) (b) 
Figure 1.5 Diverse designs of motorcycle suspensions in 1980 


The process for the reconstruction design of ancient machinery in- 
cludes the study of historical archives, reconstruction analysis, and recon- 
struction synthesis, Figure 1.6 [8]. 


10 Chapter 1 Introduction 


1.3.1 Study of historical archives 


This step involves the study of historical archives to recognize the problem 
and then to identify ancient mechanical technology while using modern 


science and technology to define the problem for developing design speci- 
Problem recognition 


fications. 
Study of Historical Archives 
Problem definition 
Reconstruction Analysis Reconstruction Synthesis 


Figure 1.6 Process for reconstruction design of ancient machines 


Problem recognition 
Mining for information relevant to the history of ancient machines is an 
important foundational work, especially a thorough understanding of 
available archeological findings. Information to be collected should in- 
clude the entire evolutionary path of the machines and existing relevant 
technology during that period. Attention should also be given to the names 
and terminologies of ancient machines. In ancient times, they may be dif- 
ferent in different dynasties and places. For instance, the ancient Chinese 
water clock, named lou ke (jigxl]), was referred to by different names in 
the past, such as qie hu (#2), lou (jig), tong lou (#i}kg), lou hu (fz), 
ke lou (%/J}fg), and tong hu di lou (#i) #2 ji). 
Verification, collation, and evaluation of historical archives are the first 
tasks toward problem recognition. Ancient literature, which accounts for 
the majority of historical archives, is generally simplified and may be in- 
accurate or exaggerated. Nevertheless, no past technological experiences 
and records should be ignored. For example, although there are many re- 
cords on the chained-bucket mechanism in ancient literature, information 
on some key structures is vague, and available pictorial illustrations do not 
always show the structure of the chain. Since this type of machine has ex- 
isted until now with very little change in its basic form, literary records 
and existing chained-bucket mechanisms can be used to explain its princi- 
ple and structure of the design. The most credible archeological informa- 
tion is contained in historical artifacts. For example, drawings of sowing 
and weaving as well as ink paintings passed down through the ages are 
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highly accurate reference materials. In addition, for machines that still 
exist today, such as water wheels and weaving machines, attention should 
be given to the differences between their current and ancient design and 
craftsmanship. 

For this reason, it is necessary to refer to historical archives from vari- 
ous resources, as well as to correlate and verify such information in order 
to clarify basic issues in reconstruction research, such as principles, struc- 
tures, materials, and manufacturing technology. Attention should also be 
given to the definition and evolution of terminologies of ancient machines. 
Furthermore, ancient machines in different stages and places should be 
collated, analyzed, and compared in order to understand their evolutionary 
paths. 


Problem definition 

Normally each past era had its own terminologies regarding engineering 
technology and craftsmanship. Therefore, people today might not be able 
to comprehend past descriptions and jargons. For this reason, it is neces- 
sary to fully understand the evolution of ancient terminologies and jargons, 
as well as the design, construction, technology, and craftsmanship of an- 
cient machines. Furthermore, it is necessary to redefine ancient machines 
based on modern science and technology to provide a fresh and clear base 
for reconstruction research, especially for lost ancient machines. 

After fully understanding the problem through the study of historical 
archives, the problem must be defined precisely so as to elicit thoughts on 
problem solving. Problem definition includes the development of design 
specifications with requirements and constraints. The purpose of specifica- 
tions is to guide reconstruction design to specific domains, including spe- 
cial features and technical requirements such as ancient technology and 
craftsmanship, in order to find ways for resolving the problem. 


1.3.2 Reconstruction analysis 


Reconstruction design includes reconstruction synthesis and reconstruction 
analysis. For ancient machines that are documented and proven, as well as 
those that are undocumented but proven, the task of reconstruction design 
is mainly analysis. For lost ancient machines that are documented but 
unproven, the task of reconstruction design is mainly synthesis. 

The purpose of reconstruction analysis is to study, test, and verify 
proven subjects based on modern engineering technology. For example, 
analytical methods such as technical testing, engineering drafting, statisti- 
cal analysis, simulation verification, and scientific deductions were exten- 
sively applied to research on weapons used in ancient battles, such as 
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bronze chariots (Figure 1.7), bows and arrows that were excavated from 
the burial site of the Qin Emperor [19]. Modern equipment was used to 
carry out accurate tests regarding the geometric parameters of the compo- 
nents of bronze chariots and battle weapons. The surface processing tech- 
niques used in ancient artifacts were carefully observed and analyzed to 
collect volumes of important raw data, which were then used for mechani- 
cal drawings. Statistical regressive analysis and numerical computing 
technology were used to analyze the data collected, while manufacturing 
simulation and experimental approaches were applied to typical compo- 
nents in the artifacts for comparison and verification. 


Figure 1.7 A bronze chariot from the burial site of the Qin Emperor [19] 


For instance, among existing artifacts is an armillary sphere from the 
Ming Dynasty, Figure 1.8. In 1987, the Purple Mountain Observatory and 
Nanjing Museum carried out reconstruction analysis on this armillary 
sphere [20]. Since manufacturing techniques are closely related to the met- 
allographic structures, implements can have different metallographic struc- 
tures when different manufacturing methods are used on alloys with the 
same composition. For this reason, 24 samples from the broken parts of the 
yin wei ring ([e3i422) and yang jing ring (Pan22) of the liu he yi ONG 
4g), the equatorial ring and tien chang ring (KE) of the san chen yi (= 
fre(#g), nan ji zhou zuo (Py fas), ao yun zhu (4E324+), and long zhu (#é 
#£) were taken for analysis. A scanning electron microscope (SEM) was 
used for metallographic structure verification and spectrum analysis. Based 
on the uniqueness of the different structures, alloy composition, and the as- 
sembled components, the performance and craftsmanship of the material 
of the armillary sphere were analyzed to gain an understanding of the 
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manufacturing techniques of traditional Chinese bronze apparatuses. At the 
same time, measurements, tests, and verification of the structure and di- 
mensions were performed, particularly on the shape of the components, 
joint techniques between the rings, and fracture design, all of which were 
very important in the assembly procedures. The analytical results are very 
helpful in the reconstruction research for various armillary spheres which 
were lost through the ages, such as the water-driven astronomical clock 
tower by Su Song in the Northern Song Dynasty. 


Figure 1.8 Armillary sphere in the Purple Mountain Observatory of Nanjing 


Therefore, results of reconstruction analysis are important historical in- 
formation. They provide a reliable basis to identify and reestablish ancient 
technology and craftsmanship of a particular time period. Furthermore, 
they also provide invaluable reference information for the reconstruction 
synthesis of lost machines in the same period. 


1.3.3 Reconstruction synthesis 


The objective of reconstruction synthesis is to regenerate ancient machines 
that are consistent with historical records and the levels of ancient technol- 
ogy and craftsmanship subject to the developed design specifications. 
Reconstruction synthesis is not new in our time but has been practiced 
in long-past eras with respect to even more ancient times. Most such ef- 
forts were based on verification and collation of historical manuscripts and 
available artifacts, and also based on a designer’s knowledge, experiences, 
and judgments. But, very few scholars studied lost ancient machines, those 
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with some literary records but without surviving hardware, especially 
based on a systematic approach. 

In the past several decades, some methodologies were developed for 
the structural synthesis of mechanical devices. These recent engineering 
approaches can be divided into four types. The first is a design method 
based on the structure of mechanisms [21, 22]. The second is a design 
method based on the concept of modularization [23]. The third is a de- 
sign method based on evolutionary perspective [24]. The fourth is a 
design method based on available database and experience [25, 26]. Each 
method has its advantages and disadvantages, as well as scope and do- 
main of applications. Furthermore, they can be applied interchangeably. 

Taking the reconstruction synthesis of ancient timer devices for in- 
stance, the fourth method, such as the use of Theory of Inventive Problems 
Solving (TRIZ), can first be used to identify possible methods for sundials, 
water-driven clocks, sand-driven clocks, incense time-telling, astronomical 
clocks, and mechanical clocks. Then the second method, which uses 
modular concepts, can be used on astronomical clocks to enumerate a list 
of system modules. Thereafter, the first method can be applied on each 
system module for the configuration synthesis of mechanisms. Whenever 
necessary, the mechanical evolution method, which is the third method, 
can be used to simulate design evolutions and identify all designs that are 
consistent with ancient mechanical principles and craftsmanship. 

Taking the reconstruction synthesis of the escapement regulator of Su 
Song’s water-driven astronomical clock tower during the Northern Song 
Dynasty as another example, by incorporating the creative mechanism de- 
sign methodology (the first method) and the concept of mechanical evolu- 
tion and variation (the third method), and based on available primitive 
design of the water wheel steelyard-clepsydra device, all possible design 
concepts that are consistent with ancient machine technology and crafts- 
manship are synthesized [27]. Figure 1.9 shows one of the reconstructed 
designs of the water wheel steelyard-clepsydra device. 

In summary, the first step of reconstruction research of ancient ma- 
chines is to study historical archives and apply modern engineering science 
and technology to redefine ancient machines and to develop design speci- 
fications. The objective is to transform the problem of reconstruction de- 
sign of ancient machines into modern mechanical design, and to apply 
modern engineering design approaches to solve the problem. Reconstruc- 
tion analysis provides important historical information for further research 
regarding the proven subjects. And, reconstruction synthesis generates all 
possible design configurations of the lost machines. 
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Figure 1.9 One possible reconstruction design of Su Song’s water wheel steelyard- 
clepsydra device 


1.4 Scope of the Text 


The purpose of the reconstruction of ancient machines is to reproduce 
original machines based on principles, engineering, and craftsmanship 
available during that time. The reconstruction design of lost ancient 
machines is to regenerate possible ancient machines by applying modern de- 
sign methods to ancient theories and technological level of their time period. 

The book Kao Gong Ji (4 Lil) states: “A device is an accumulation 
of the efforts of many.” "—#5]* T384574. 4 [9]. Therefore, in order to 
explain the actual process of historical development of machines, the mod- 
els of ancient machines in various dynasties should be reconstructed. The 
requirements for the reconstruction of ancient machines are stringent. 
There is a high degree of difficulty in the reconstruction of documented 
but unproven ancient machines because it involves creating something 
from nothing, and because relevant historical archives are either incom- 
plete, oversimplified, or exaggerated. As a result, reconstruction work for 
these machines focuses on reconstruction research, particularly reconstruc- 
tion design. This would produce designs that are consistent with the tech- 
nologies and craftsmanship existing during the times of such machines, 
and at the same time account for the diversity of the ancient designs. 
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The objective of this text is to offer an innovative approach in the field 
of mechanical historiography for the reconstruction design of lost ma- 
chines. However, this work will not deal with the credibility of historical 
literary works. It supposes that the lost ancient machines existed, such as 
Lu Ban’s wooden horse chariot during the Eastern Zhou Dynasty, and tries 
to present the feasibility of the lost designs. 

The reconstruction of ancient machines is the key that links the ancient 
history and modern history of machines. With today’s ever-developing 
technology and requirements for better and newer products, if one can re- 
flect on the achievements of the past, one might be able to draw knowl- 
edge from the past to produce concrete models. Perhaps, one might even 
be able to generate new ideas from understanding the past. 
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Chapter 2 Mechanism and Machine 


One of the fundamental concerns in designing a machine is its mechanism 
for achieving a desired motion. The task of reconstruction design of lost 
ancient machines is mainly the design of mechanisms. This chapter pre- 
sents the definitions of mechanisms and machines, the characteristics of 
mechanical members and joints, the definitions of kinematic link chains, 
the concept of constrained motion, the identification of the topological 
structure of mechanisms, and the process of mechanism and machine 
design [1, 2]. 


2.1 Definitions 


A mechanism is an assembly of mechanical members connected by joints, 
and these members are so formed and connected such that they transmit 
constrained motions by moving upon each other. Four-bar linkages used in 
various applications for transmitting motions are typical examples of 
mechanisms. Figure 2.1(a) shows a four-bar linkage for guiding an auto- 
mobile hood, and Figure 2.1(b) shows a four-bar linkage, named in ancient 
China the jie chi, for drawing parallel lines. 


(a) (b) 


Figure 2.1 Applications of four-bar linkages 
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A machine is a piece of equipment, mechanical in nature, designed for 
producing an effective work output or for conserving mechanical energy. 
In general, it consists of one or more mechanisms, has a certain type of 
power input, and has an adequate control system in order to serve a special 
purpose or perform a special function. Typical machines are working ma- 
chines which convert mechanical energy to effective work outputs, such as 
machine tools, forklifts, generators, and compressors. Figure 2.2 shows a 
modern vertical machining center and its automatic tool changer. Prime 
movers like internal combustion engines, steam engines, turbines, and 
electrical motors are also machines which transform other forms of energy 
(such as wind, heat, water, electricity, and so on) to mechanical energy as 
the driving power of working machines. Figure 2.3 shows a jet-engine tur- 
bine for a commercial aircraft. Machines should have suitable controlling 
devices, such as human power control, hydraulic control, pneumatic 
control, electrical control, electronic control, and computer control for 
effectively producing the required motion and work. Figure 2.4 shows a 
hand-operated paddle machine used in ancient China [3]. It is a machine 
with human power as the input, and wooden paddle chains and sprockets 


as the mechanism. : a 
A structure is an assembly of mechanical members connected by joints, 


and these members are so formed and connected that they transmit forces 
without any relative motion. A bridge is a structure. Aircraft-landing gears, 
for the purpose of absorbing impact forces during landing, are also struc- 
tures; however, they become mechanisms during the period between gear 
up and gear down. 


Figure 2.2 A machining center and its automatic tool changer 
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Figure 2.4 A hand-operated paddle blade machine [3] 
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Every mechanism and machine has a structure member known as the 
frame or ground link for guiding the motions of some mechanical members, 
for transmitting forces or for withstanding stresses. A frame can be a piece 
of a mechanical member or an overconstrained assembly of several me- 
chanical members. For instance, the frame of a machine tool is the ground 
member and it is a structure. 


2.2 Mechanical Members 


Mechanical members are resistant bodies that collectively form mecha- 
nisms and machines. They can be rigid members, flexible members, or 
compression members. Compression members (such as airs or fluids) and 
those for the purpose of fastening two or more members together (such as 
shafts, keys, and rivets) that play no role in the reconstruction design of 
ancient machines are not of interest here. Only those members whose func- 
tion is to provide possible relative motion with others are presented. 

There are numerous types of mechanical members. The following are 
functional descriptions of basic mechanical members of machines. 
Link 
A link (K,) is a rigid member for holding joints apart and for transmitting 
motions and forces. Generally, any rigid mechanical member is a link. 
Links can be classified based on the number of incident joints. A separated 
link is one with zero incident joints. A singular link is one with one inci- 
dent joint. A binary link is one with two incident joints. A ternary link is 
one with three incident joints. A quaternary link is one with four incident 
links. An Lj-link is one with 7 incident joints. Graphically, a link with i in- 
cident joints is symbolized by a shaded, i-sided polygon with small circles 
on the vertices indicating incident joints. Furthermore, two binary links in 
a series is called a dyad. 
Slider 
A slider (Kp) is a link that has either rectilinear or curvilinear translation. 
Its purpose is to provide a sliding contact with an adjacent member. 
Roller 
A roller (Ko) is a link for the purpose of providing rolling contact with an 
adjacent member. A wheel is basically a roller. 
Cam 
A cam (Ka) is an irregularly shaped link that serves as a driving member 
and it imparts a prescribed motion to a driven link called follower (Kay). 
Cams can be classified as wedge cams, disk cams, cylindrical cams, barrel 
cams, conical cams, spherical cams, roller gear cams, and others. 
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Gear 

Gears (Kg) are links that are used, by means of successively engaging teeth, 
to provide positive motion from a rotating shaft to another that rotates, or 
from a rotating shaft to a body that translates. Gears can be classified as 
pin gears, spur gears, bevel gears, helical gears, and worm and worm gears. 
Screw 

Screws (Ky) are used for transmitting motions in a smooth and uniform 
manner. They may also be thought of as linear actuators that transform 
rotary motion into linear motion. 

Belt 

Belts (Kg) are tension members for power transmissions and conveyers. 
They obtain their flexibility from material distortion, and motion is usually 
transmitted by means of friction between the belts and their corresponding 
pulleys (Ky). Belts can be classified as flat belts, V belts, and timing belts. 
Chain 

Chains (Kc) are also tension members for power transmissions and con- 
veyors. They are made from small rigid parts that are joined in such a 
manner as to permit relative motion of the parts, and motion is usually 
transmitted by positive means, such as sprockets (Kx). Chains can be clas- 
sified as hosting chains, conveying chains, and power transmission chains. 
Actuator 

An actuator (Kr) consists of a piston (Kj) and a cylinder (Ky) with a kind 
of compression member bounded by the piston and the cylinder. Its pur- 
pose is to provide a damping action between the members adjacent to the 
actuator. Shock absorbers of vehicles are typical actuators. 

Spring 

Springs (Ks) are flexible members. They are used for storing energy, ap- 
plying forces, and making resilient connections. Springs can be classified 
as wire springs, flat springs, and special-shaped springs. 


2.3 Joints 


In order for mechanical members to be useful, they must be connected by 
certain means. That part of a mechanical member that is connected to a 
part of another member is called a pairing element. Two elements that be- 
long to two different members and are connected together form a kine- 
matic pair or joint. 

Kinematic pairs or joints are categorized according to the degrees of 
freedom, the type of motion, the type of contact, and the type of joints. 
These features are introduced as follows: 
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Degrees of freedom 

The number of degrees of freedom is the number of independent parame- 
ters needed to specify the relative positions of the pairing elements of a 
joint. An unconstrained pairing element has six degrees of freedom includ- 
ing three translational and three rotational degrees of freedom. When a 
pairing element connects to another pairing element and forms a joint, a 
constraint is imposed and the motion of the original member is reduced by 
one or more degrees of freedom. Hence, a joint has a maximum of five de- 
grees of freedom and a minimum of one degree of freedom. The topic on 
degrees of freedom and constrained motion will be further discussed in 
Section 2.5. 


Type of motion 

Type of motion refers to the motion of a point on a pairing element relative 
to another pairing element of a joint. The motion can be rectilinear or 
curvilinear, planar or curved, or spatial. 


Type of contact 

Point contacts, line contacts, and surface contacts are types of contact 
between two pairing elements. 

Type of joints 

In what follows, the functional descriptions of basic joints are introduced 
and the corresponding schematic representations of joints are shown in 
corresponding figures. 

Revolute joint 

For a revolute joint (Jr), Figure 2.5(a), the relative motion between two in- 
cident members is rotation about an axis. It has one degree of freedom 
with circular motion and surface contact. 

Prismatic joint 

For a prismatic joint (Jp), Figure 2.5(b), the relative motion between two 
incident members is translation along an axis. It has one degree of freedom 
with rectilinear motion and surface contact. 

Rolling joint 

For a rolling joint (Jo), Figure 2.5(c), the relative motion between two in- 
cident members is pure rolling without slipping. It has one degree of free- 
dom with cycloid motion and line contact. 

Cam joint 

For a cam joint (Ja), Figure 2.5(d), the relative motion between two inci- 
dent members is the combination of rolling and sliding. It has two degrees 
of freedom with curvilinear motion and line contact. 
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(a) Revolute joint (b) Prismatic joint 
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(e) Gear joint (f) Screw joint 
(g) Cylindrical joint (h) Spherical joint 
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(i) Flat joint (j) Wrapping joint 


Figure 2.5 Types and schematic representations of joints 
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Gear joint 

For a gear joint (Jc), Figure 2.5(e), the relative motion between two inci- 
dent members is the combination of rolling and sliding. It has two degrees 
of freedom with curvilinear motion and line contact. 

Screw joint 

For a screw joint (Jy), Figure 2.5(f), the relative motion between two inci- 
dent members is helical. 

Cylindrical joint 

For a cylindrical joint (Jc), Figure 2.5(g), the relative motion between two 
incident members is the combination of a rotation about an axis and a 
translation parallel to the same axis. It has two degrees of freedom with 
curvilinear motion and surface contact. 

Spherical joint 

For a spherical joint (Js), Figure 2.5(h), the relative motion between two 
incident members is spherical. It has three degrees of freedom with spheri- 
cal motion and surface contact. 

Flat joint 

For a flat joint (Jp), Figure 2.5(i), the relative motion between two incident 
members is planar. It has three degrees of freedom with planar motion and 
surface contact. 

Wrapping joint 

For a wrapping joint (Jw), Figure 2.5(j), there is no relative motion be- 
tween two incident members. However, one of the members (pulley or 
sprocket) rotates about its center. 


2.4 Mechanisms and (Link) Chains 


When several links are connected together by joints, they are said to form 
a link chain, or just a chain in short. An (Nz, N;) chain refers to a chain 
with N; links and N; joints. 

A walk of a chain is an alternating sequence of links and joints begin- 
ning and ending with links, in which each joint is incident with the two 
links immediately preceding and following it. For example, for the (5, 4) 
chain shown in Figure 2.6(a), link 1 — joint b — link 4 — joint d — link 3 - 
joint d — link 4 is a walk. A path of a chain is a walk in which all the links 
are distinct. For example, for the (5, 4) chain shown in Figure 2.6(a), link 
1 — joint 5 — link 4 — joint d — link 3 is a path. If any two links of a chain 
can be joined by a path, the chain is said to be connected; otherwise the 
chain is disconnected. Figure 2.6(a) shows a (5, 4) disconnected chain with 
a separated link (link 5), and Figure 2.6(b) shows a (5, 5) connected chain 
with a singular link (link 5). If every link in the chain is connected to at 
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least two other links, the chain forms one or several closed loops and is 
called a closed chain. A connected chain that is not closed is an open chain. 
A bridge-link in a chain is a link whose removal results in a disconnected 
chain. Figure 2.6(c) shows a (6, 7) closed chain with a bridge-link (link 4). 
The connected chain shown in Figure 2.6(b) is also an open chain. 

A kinematic chain generally refers to a movable chain that is con- 
nected, closed, without any bridge-link, and with revolute joints only. If 
one of the links in a kinematic chain is fixed as the ground link (Kr), it is a 
mechanism. Figure 2.6(d) shows a (6, 7) kinematic chain, and Figure 2.6(e) 
shows its corresponding mechanism obtained by grounding link 1 in the 


c 3 


(f) (g) 


Figure 2.6 Type of (link) chains, mechanisms, and structures 
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chain. A generalized kinematic chain consists of generalized links con- 
nected by generalized joints, i.e., the types of links and joints are not speci- 
fied. For example, if the types of links and joints for the (6, 7) kinematic 
chain shown in Figure 2.6(d) are not specified, it becomes a (6, 7) general- 
ized kinematic chain. The concept of generalized kinematic chains will be 
presented in detail in Section 4.4. 

A rigid chain refers to an immovable chain that is connected, closed, 
without any bridge-link, and with revolute joints only. If one of the links in 
a rigid chain is fixed or grounded, it is a structure. Figure 2.6(f) shows a 
(5, 6) rigid chain, and Figure 2.6(g) shows its corresponding structure by 
grounding link | in the chain. 


2.5 Constrained Motion 


The number of degrees of freedom (F) of a mechanism determines how 
many independent inputs the design must have in order to fulfill a useful 
engineering purpose. A mechanism with a positive number of degrees of 
freedom and with the same number of independent inputs has constrained 
motion. Constrained motion means that when any point on an input mem- 
ber of the mechanism is moved in a prescribed way, all other moving 
points of the mechanism have uniquely determined motions. 


2.5.1 Planar mechanisms 


For planar mechanisms, a member has three degrees of freedom consisting 
of translational motions along two mutually perpendicular axes and a rota- 
tional motion about any point. The number of degrees of freedom, F,, of a 
planar mechanism with N;, members and Nj; joints of type 7 is: 


F, = 3(NL— 1) — SNuiCpi (2.1) 
where C,,; is the number of degrees of constraint of i-type joint. 


[Example 2.1] 
Calculate the number of degrees of freedom for the device jie chi shown in 
Figure 2.1. 

This is a planar mechanism with four members and four revolute joints. 
Therefore, Ny = 4, Cpr = 2, Nir =4, and C,p = 2. Based on Equation (2.1), 
the number of degrees of freedom, F,, of this mechanism is: 
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Fp = 3(Ni =; 1) = (NurCpr) 
= 3)(4-l) - AQ) 
=9-8 


=1 
Therefore, the motion of this mechanism is constrained. 


[Example 2.2] 

Calculate the number of degrees of freedom for the (5, 6) planar mecha- 
nism shown in Figure 2.7. The actuator (members 4 and 5) is the input and 
the follower (member 2) is the output link. 


I(Kp) l(Kr) 


Figure 2.7 A (5, 6) planar mechanism 


This is a planar mechanism with five members (ground link Kg, link 1; 
follower Kas, link 2; roller Ko, link 3; piston Ky, link 4; and cylinder Ky, 
link 5) and six joints consisting of three revolute joints (Jp; a, c, and e), one 
prismatic joint (Jp; f), one rolling joint (Jo; 6), and one cam joint (Ja; d). 
Therefore, Ni 5, Cor 2; Nye 3, Cyp 2, Ny 1, Cyo = 2; Njo = 1, Coa 
= 1, and Nj, = 1. Based on Equation (2.1), the number of degrees of free- 
dom, F,, of this mechanism is: 


Fy = 3(Nzt — 1) — (NorCpr + NypCpp + NyoCpo + NyaCpa) 
= (3)6 - 1) -[BA@2) + M2) + M2) + (MM) 
=12-11 
=] 


Therefore, the motion of this mechanism is constrained. 
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[Example 2.3] 

Calculate the number of degrees of freedom for the horizontal tail control 
mechanism with two independent inputs of an aircraft shown in Figure 2.8 
in which member 2 is an input (I) from the control stick, the actuator 
(members 8 and 9) is another input (II) for the purpose of stability aug- 
mentation, and member 7 is the output link to the horizontal tail. 


Input I 


Jj Gr) 


output 


h (Jr) 


Figure 2.8 An aircraft horizontal tail control mechanism 


This is a planar mechanism with nine members (links 1-9) and eleven 
joints consisting of ten revolute joints (a 2 and one prismatic joint (x). 
Therefore, Ny = 9, Cpr = 2, Nur = 10, Cpp = 2, and Nyp = 1. Based on Equa- 
tion (2.1), the number of degrees of freedom, F,, of this mechanism is: 


F, = 3(Ni— 1) — (NorCpr + NypCpp) 
= Be 1) — [(10)(2) + (D@)] 
= 74_ 
=2 


Therefore, the motion of this mechanism is constrained. 
If the stability augmented system, that is, input II, is not activated, 
links 8 and 9 have no relative motion to each other. It then becomes a 
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mechanism with eight members and ten revolute joints, and its number of 
degrees of freedom, F,, 1s: 
F, = 3(N_— 1) — NirCpr 


= 3)(8-D — 10)(2) 
=21-20 
=1 


Therefore, the motion of this mechanism is still constrained. 


2.5.2 Spatial mechanisms 


For spatial mechanisms, a member has six degrees of freedom consisting 
of translational motions along three mutually perpendicular axes and three 
rotational motions about these axes. The number of degrees of freedom, F,, 
of a spatial mechanism with N; members and Nj; joints of type 7 is: 


F, = 6(N, — 1) — XNuCsi (2.2) 
where C,; is the number of degrees of constraint of i-type joint. 


[Example 2.4] 

Explain if the McPherson strut suspension mechanism (Figure 2.9) 
commonly used in automobiles has constrained motion. The input of this 
device is from the wheel to member 3. 


I(Ky) 


b (Js) 5 


4(Ky) 


Output 


f (Js) 


ES 
2(Ki1) a Jr) 


d(Js) 


{- 


Input 


Figure 2.9 McPherson strut suspension mechanism 
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This is a spatial mechanism with five members (frame Kg, link 1; con- 
necting link Ky), link 2; wheel link and cylinder Ky, link 3; piston Kj, link 
4; connecting link Ky, link 5) and six joints consisting of one revolute 
joint (a), one prismatic joint (e), and four spherical joints (5, c, d, and /). 
Therefore, Nr 5, Cyr 7 a; Np 1, Cyp De Njp 1, Cys 3, and Njs =4, 
Based on Equation (2.2), the number of degrees of freedom, F,, of this 
mechanism is: 


F, = 6(Nz — 1) — (NinCsr + NypCop + NjsCss) 
= (6)(5 — 1) — [)(5) + C5) + (4GB)] 
= 24-22 
= 9 


This is still a useful device, since the rotation of member 5 about the axis 
through the centers of spherical joints c and fis an extra degree of freedom 
that does not affect the input-output relation of the system. 


[Example 2.5] 
Calculate the number of degrees of freedom for the ancient Chinese mill 
for removing rice hulls shown in Figure 2.10. 

Since the two ropes are designed for the purpose of providing an effi- 
cient input through human power and are symmetrical, this device can be 
analyzed as a spatial mechanism with four members (the ground link Kg, 
member 1; the rope Kp, member 2; the horizontal bar and connecting rod 
Ki, member 3; and the crank and the grinding stone K,2, member 4). 
There are four joints consisting of two spherical joints (Js; joint a and joint 
b) and two revolute joints (Jp; joint c and joint d). Therefore, Ni = 4, Csr =5, 
Nir = 2, Cys = 3, and Njs = 2. Based on Equation (2.2), the number of 
degrees of freedom, F,, of this mechanism is: 


Fs = 6(N, = 1) = (NyrCgr SF NjsCgs) 
= (6)(4 1) - [2)6) + 2G) 
= 18-16 
=2 


2.6 Topological Structures 


Two mechanisms are said to be isomorphic if they have the same topologi- 
cal structures. The topological structure of a mechanism is characterized 
by its types and numbers of links and joints, and the incidences between 
them. The isomorphism of mechanisms can be identified based on the con- 
cept of a matrix named topology matrix, which is a powerful tool for the 
representation of the topological structures of various chains. 


2.6 Topological Structures 


(a) 
b 3 c 
2 4 
a 1 d 
(b) 


Figure 2.10 An ancient Chinese mill [4] 
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The topology matrix, My, of an (N;, N;) chain or mechanism is an N;, 
by Ny, matrix. Its diagonal element is e;; = u if the type of member / is wu. Its 
upper off-diagonal entry is e;, = v (i < 4) if the type of the joint incident to 
members i and k is v, and its lower off-diagonal entry is e,; = w if the as- 
signed name of the joint is w; and e;, = e,; = 0 if members 7 and & are not 
adjacent. 


[Example 2.6] 
Identify the topological structure of the (5, 6) planar mechanism shown in 
Figure 2.7. 

This mechanism has five members and six joints. Kp (member 1) is the 
ground link, Kas (member 2) is the output link, Ko (member 3) is a roller, 
K, (member 4) is a piston, and Ky (member 5) is a cylinder. The joint (a) 
incident to Ky and Ka, is a revolute joint (Jp); the joint (b) incident to Kg 
and Ko is a rolling joint (Jo); the joint (c) incident to Kp and Ky is a revo- 
lute joint (Jp); the joint (d) incident to Kar and Ko is a cam joint (Ja); the 
joint (e) incident to Ko and K;, is a revolute joint (Jp); and the joint (f) inci- 
dent to K; and Ky is a prismatic joint (Jp). 

The topology matrix, Mz, of this mechanism is: 


Ke Oe ay. SOy Ae 
OR ee Or 0 
M,=|b d Ky Jp 0 
0 0 e K, J, 
c 0 0 f Ky 


[Example 2.7] 
Identify the topological structure of the McPherson strut suspension 
mechanism shown in Figure 2.9. 

This mechanism also has five members and six joints. Member | (Kr) 
is the ground, member 2 (K;)) is a connecting link, member 3 (Ky) is the 
wheel link and the cylinder of the shock absorber, member 4 (Kj) is the 
piston of the shock absorber, and member 5 (K;2) is another connecting 
link. The joint (a) incident to Kp and Ky; is a revolute joint (Jp); the joint 
(6) incident to Kp and Ky, and the joint (c) incident to Kp and Kj, are 
spherical joints (Js); the joint (d) incident to K;; and Ky is also a spherical 
joint (Js); the joint (e) incident to Ky and K, is a prismatic joint (Jp); and 
the joint (f) incident to Ky and K;» is another spherical joint (Js). 
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The topology matrix, Mz, of this mechanism is: 


Ky, ae 0) ag Ag 
B. Ke (ty 0 °0 

M.=|0 d Ky J, Jy 
b 0 e K, 0 
Bb: OL of Oy 


[Example 2.8] 
Identify the topological structure of the ancient Chinese mill shown in 
Figure 2.10. 

This mechanism has four members and four joints. Member | (Kr) is 
the ground, member 2 (Kg) is the rope, member 3 (K,)) is the connecting 
link, and member 4 (Kj) is the crank. The joint (a) incident to Kp and Kr 
is a spherical joint (Js); the joint (b) incident to Kg and Kj, is also a spheri- 
cal joint (Js); the joint (c) incident to K,; and K;) is a revolute joint (Jp); 
and the joint (d) incident to K,» and K¢ 1s also a revolute joint (Jp). 

The topology matrix, Mz, of this mechanism is: 


K, Js OO Ja 


ie a Ky J, 0 
0 b K,, Jp 
d 0 c¢ K, 


2.7 Mechanism and Machine Design 


The process for designing mechanisms and machines can be divided into 

the following seven steps as outlined in Figure 2.11. 

Step 1. Problem definition 
The first step in the design process is to define the problem, 
which includes listing all the specifications for the mechanism 
and the machine to be designed. The specifications are the input 
and output quantities such as the type of driving power, the re- 
quired motion of the output member, the strength and rigidity of 
the members, and the amount of effective work produced. These 
should be systematically written down by designers to further 
enhance the functional design of the machine. 

Step 2. Structural synthesis 
After the output function and input type of a machine have been 
defined, the next step is to synthesize feasible topological structures 
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Step 3. 


Step 4. 


based on the characteristics of the mechanism, and the design re- 
quirements and design constraints for achieving a constrained 
motion. 


— Problem Definition _— 


Structural Synthesis 


Mechanism Design | 


| Dimensional Synthesis 


J 


Kinematic Analysis Machine Design 


Static Analysis 


Rigidity and Strength Design 


| Dynamic Analysis 


Figure 2.11 Process of mechanism and machine design 


Dimensional synthesis 

The purpose of this step is to synthesize the geometric dimensions 
of members between joints such that the input state of motion 
(position, velocity and acceleration) corresponds to the required 
output state of motion. The key issue of this step is to determine 
the geometric relation and the relative motion of the machine 
members without considering the size, the mass, and the loading 
condition. 


Kinematic analysis 

This step validates the synthesized mechanisms from Step 3 by 
determining if the input and output motion relations satisfy the 
requirements. These include the angular and the linear position, 
velocity and acceleration of the machine members and points of 
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interest in the mechanisms. And, they are used for dynamic 
analysis. 


Step 5. Static analysis 
Based on the theory of statics and known static loading, this step 
is to analyze the static forces acting on every joint of the machine 
members in all possible positions. It also studies the required 
force or torque of the input members. 


Step 6. Rigidity and strength design 
Based on the theory of the strength of materials, known static 
loading and selection of materials, this step is to determine the 
size of machine members for ensuring that the members are suffi- 
ciently strong and rigid to safely withstand the imposed loading. 


Step 7. Dynamic analysis 
This step studies dynamic problems that arise with the motion and 
the mass of machine members. These problems include dynamic 
loading, inertia force, shaking force, shaking moment, dynamic 
balance, and dynamic response, etc. In this step, the strength and 
rigidity of the designed machine members from the previous steps 
are rechecked to ensure that they are within safety limits. 


Mechanism design concerns only the first four steps, and machine design 
includes all seven steps. No step is independent since in the process of de- 
sign, if any of the steps does not satisfy specifications, the results from the 
previous steps would have to be suitably revised. Other than the above- 
stated seven steps, the complete machine design process includes selection 
of a driving power, design of a control system, industrial design, the selec- 
tion of material and treatments, thermal and fluid effect consideration, 
assembly and testing, and so on. The reconstruction design of lost ancient 
machines focuses on Steps | and 2, i.e., the problem definition and struc- 
ture synthesis of mechanisms. 


2.8 Structural Synthesis of Mechanisms 


The reconstruction design of lost ancient machines is basically to synthe- 
size all possible topological structures of mechanisms. Structural synthesis 
is the process of synthesizing the topological structure of mechanisms in- 
cluding the number of degrees of freedom, the numbers and types of ma- 
chine members and joints, and the atlas of (generalized) kinematic chains. 
The process for the structural synthesis of mechanisms can be divided into 
the following steps as outlined in Figure 2.12. 
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Determination of the 
Number of Degrees of Freedom 
Selection of the Type of Motion 

(Planar or Spatial) 


Selection of the Type of Joints 


Step 1. 


Step 2. 


Step 3. 


Calculation of the 
Number of Degrees of Freedom 


Synthesis of the Atlas of 
Generalized Kinematic Chains 
Synthesis of the 
Structure of Mechanisms 


Figure 2.12 Process of structural synthesis of mechanisms 


Determination of the number of degrees of freedom 

The number of inputs is a known condition and is decided by the 
purpose of the task. If no special requirement is specified, the 
number of degrees of freedom is taken as the number of inde- 
pendent inputs of the mechanism. 


Selection of the type of motion 

To determine whether the mechanism is planar or spatial, various 
factors such as specifications, design requirements, design con- 
straints and the designer’s own judgments (e.g., the positions and 
the type of motion of the input and output members) have to be 
taken into consideration. If a planar mechanism is chosen, Equa- 
tion (2.1) should be applied for the structural synthesis. Con- 
versely, Equation (2.2) is applied for a spatial mechanism. 


Selection of the type of joints 

This is based on the objective of the task, the type of motion, and 
the designers’ judgments. Generally, a joint with one degree of 
freedom is chosen if no special requirement is specified. 
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Step 4. Calculation of the numbers of members and joints 
Once Steps 2 and 3 are accomplished, Equation (2.1) or Equation 
(2.2) is employed to calculate the required numbers of members 
and joints. 


Step 5. Synthesis of the atlas of generalized kinematic chains 
The synthesis of the atlas of (N,, Ny) generalized kinematic 
chains with N, links and N; joints is beyond the scope of this 
book. Figures 4.7-4.17 provide commonly used atlases of gener- 
alized kinematic chains. 


Step 6. Synthesis of the structure of mechanisms 
The last step is to synthesize the structure of mechanisms by as- 
signing specific types of members and joints in every (Nz, Nj) 
(generalized) kinematic chain obtained in Step 5 subject to design 
requirements and constraints. 


[Example 2.9] 

Carry out the structural synthesis of a planar mechanism with one inde- 

pendent input and calculate the number of required links and joints. 

1. Since the mechanism has one independent input with no other specifica- 
tions, the number of degree of freedom is taken as one. 

2. Since the mechanism is specified as planar, based on Equation (2.1), 


F,=3 (NL -1)—=NjCpi= 1 (2.3) 


3. Since joints in a planar mechanism with one degree of freedom are 
revolute joints (C,p = 2), prismatic joints (C,p = 2) or rolling joints 
(Cyo = 2), based on Equations (2.1) and (2.3), 

Nir t Njyp t Njo = 3NL 4)/2 (2.4) 


4. Solving Equation (2.4) for the case of the smallest number of links, 1.e., 
N =4, results in the following solutions: 


Nr f}O[O {0/0 70 {1 fl [il fl [2 ]2 |2 |3 | 3 
Np |O [1 {2 (3 [4 {0/1 [2 |3 |O | 1 {2 |0 {1 {0 
Nyo [4 [3 [2 [1 7,0 [3 [2 [1 |O |2 {1 {0 | 1 10 


Therefore, the number of joints is Nj = Nya + Nyp + Njo = 4. 


[Example 2.10] 
Carry out the structural synthesis for motorcycle rear suspension mecha- 
nisms with planar six-bar linkages and a shock absorber. 
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— 


Wd 


Nn 


. The only input to the rear suspension mechanism of a motorcycle is 


from the motion along the ground. As such, the number of independent 
input is one and the number of degree of freedom is also one. 


. It is a planar mechanism. 
. To simplify the design and construction of the mechanism, the joints are 


chosen as revolute joints. Since a suspension mechanism must have a 
prismatic joint for the shock absorber, based on Equation (2.1), the 
number of revolute joints, Njp, is: 


Nir = (3N_, => 4)/2 (2.5) 


. If the number of members does not exceed eight, based on Equation 


(2.5), the following solutions can be obtained, 


Nr [4 [6] 8 
N; | 4 | 7 | 10 
Nygp | 3 | 6 | 9 
Np | 1 [1 


. For the design with six links (Ny = 6) and seven joints (N; = 7), from 


Figure 4.13(a) and (b), there are two (6, 7) kinematic chains as shown in 
Figure 2.13. 


Figure 2.13 Atlas of (6, 7) kinematic chains 


. By assigning one link as the frame (link 1), one link as the swing arm 


for linking to the tire (link 3), and two binary links in series (dyad) with 
revolute joints at both ends as the shock absorber (link 5 and link 6) to 
each (6, 7) kinematic chain shown in Figure 2.13, all possible topologi- 
cal structure of the mechanism for the six-bar planar motorcycle rear 
suspension can be synthesized. Figure 2.14 shows six of them in which 
Figure 2.14(b) is the design of the Kawasaki uni-trak, Figure 2.14(c) is 
that of the Suzuki full-floater, and Figure 2.14(e) is design of the Honda 
pro-link. 
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(a) (c) 


(d) (e) (f) 


Figure. 2.14 Rear suspension mechanisms of motorcycles 
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Chapter 3 Ancient Chinese Machines 


There were numerous mechanical inventions in ancient China, but few 
people know about these achievements due to the lack of surviving ar- 
chives. This chapter first introduces the historical development of ancient 
Chinese machines followed by ancient labor-saving devices. Finally, major 
mechanical elements and mechanisms of ancient Chinese machines, such 
as linkage mechanisms, cam mechanisms, gear mechanisms, and flexible 
connecting mechanisms (ropes and chains), are presented. 


3.1 Historical Development 


Based on operating principles, the materials used, the power sources given 
and the design and manufacturing technology available, ancient Chinese 
machines before the 15th century can be divided into the following three 
periods [1, 2]. 

I. Old Stone Age (~400000-—500000 BC) to New Stone Age (~2500 BC) 
This was the period of primitive society in ancient Chinese history. It 
started from around the Old Stone Age about ~400,000—500,000 years ago 
to the New Stone Age some 4,000—5,000 years ago. 

As is the case with any ethnic group, the invention and development of 
machines always begin with simple designs. During that time, the begin- 
ning machines were simple devices. Natural materials such as stones, 
wooden clubs, seashells, and animal bones were hammered, modified, pol- 
ished, and cut manually, turning them into stone knives and axes. With 
these simple labor-saving tools, people were able to perform work un- 
achievable with only bare hands. The tools evolved into simple machines 
such as primitive weaving machines and potter’s wheel heads. These 
simple machines were used in agriculture, fishing, hunting, weaving, and 
construction work. 

In this period, people applied the principles of the lever, wedge and 
inertia, as well as the elasticity, thermal expansion and contraction of 
materials. 
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II. New Stone Age (~2500 BC) to Eastern Zhou Dynasty (~550 BC) 
This was the period of slavery in ancient Chinese history, lasting from 
around the New Stone Age 4,000—5,000 years ago to the Spring-Autumn 
and Warring Periods of the Eastern Zhou Dynasty around 2,500 years ago. 
As needs developed, people combined simple tools with simple ma- 
chines into complex machines to achieve more intricate objectives; for in- 
stance, the scissors are a combination of the wedge and lever. Regarding 
the material used in machines, in addition to woods, bronzes and irons 
were also widely used during this period. Furthermore, simple pulley 
blocks, levers, wheels, winches, and arrows were developed into complex 
machines such as chariots and weapons. The book Kao Gong Ji (47. 


nt.) [3] during the Warring Period (480-222 BC) compiled the manufac- 


turing experiences of many kinds of handicraft, and it also showed the 
manufacturing level of the craftsman at that time. 


III. Eastern Zhou Dynasty (~550 BC) to Ming Dynasty (AD 1368-1644) 
This was the period of feudal society, starting from the early Warring 
Period approximately 2,500 years ago until the Ming Dynasty (AD 1368- 
1644). 

During the Qin Dynasty (221-207 BC) and Han Dynasty (206 BC-AD 
220), the development of machines in ancient China was at its prime. The 
technology level of metallurgy, foundry and forgery was high, especially 
when its rapid development led to the widespread use of metals. The mo- 
tion and force transmission of some machines applied links, levers, gears, 
ropes, belts, and chains. Moreover, some machines were even equipped 
with gear trains and automatic control devices. There were also major in- 
novations in agricultural and weaving machines, as well as in land and sea 
transportation. It can be seen from the copper horse chariots found inside 
the Qin Imperial Tomb that the technology of metal working was superla- 
tive. The water-driven wind box that appeared in the Eastern Han Dynasty 
(AD 25-220) was composed of a water wheel, a rope and belt transmission, 
a link and lever transmission, and a wind box. The wind box included three 
basic parts of modern machines, namely, the power source, the transmis- 
sion mechanism, and the working machine. This period also featured out- 
standing scholars and inventors such as Zhang Heng (ix(#y), Ma Jun (55 
$4), Zu Chong-zhi (jiH}#Z), Yan Su (Jeff), Wu De-ren (42/#{—), Su 
Song (4H), and Guo Shou-jing (F[4F4. They contributed immensely to 
the development of machines in ancient China. 

Except for weaponry and shipbuilding, there were but few significant 
developments in mechanical technology during the 100 years between the 
Ming Dynasty (AD 1368-1644) and the Opium War (AD 1842). Notewor- 
thy is a book named Tian Gong Kai Wu (164%) by Song Ying-xing 
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(4</E22) during the 17th century [4]. It was a compilation of production 
experiences that had existed for a long time in ancient China. The book is a 
major historical encyclopedia of ancient Chinese technologies. 


3.2 Labor-saving Devices 


People are different from animals because they have the ability to make 
tools. Labor was the only force possessed by humans in ancient times, but 
brute force was enhanced by the use of tools. In prehistoric eras, people 
were not physically strong competitors against animals; nonetheless, peo- 
ple used their ingenuity to make different tools to secure safety, food, and 
clothing, as well as improve their shelters. 

Ancient Chinese devices and machines were immensely intricate. The 
main functions were to transmit motions and forces to produce work and 
transform energies. Yet most of the even very ancient designs were used to 
save effort during work. The wedge, inclined plane, screw, lever, and pul- 
ley were simple devices used to save effort during work. The ancient Chi- 
nese referred to them as the five labor-saving jewels. The wedge, inclined 
plane, and screw were closely related; likewise, were the lever and the pulley. 


3.2.1 Wedge 


There are many references to the applications of the principle of the wedge 

in ancient records [5, 6]. The more ancient ones include: 

1. Gu Jin Shi Wu Kao (44894) [7] 

Shen Nong made the ax. © jiH#EVEFE/F. 9 (3218-3079 Bc) 

2. Gu Shi Kao (77524) [8] 

Scissors are devices made of iron that are used to cut textile. Scissors 
originated in the time of the Yellow Emperor. "54 > #t#sth, > FADUE 
AGA ? RARER. (2698-2599 Bc) 

Gong Shu-ban made the shovel. © 7S#éif(F3E.. 4 (~530 BC) 

3. Shi Wu Gan Zhu (2375402) [9] 
The chisel that is used to perforate wood was created by Xuan Yuan (the 
Yellow Emperor). " #2 > PROVEN > BRET], 9 (2698-2599 Bc) 

The planer, a device for smoothening wood, was created by Lu Ban. 

"HES > Ras > EMIRTE. 4 (~530 BC) 

4. Shuo Yuan (#5740) [10] 
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Confucius heard Wu Qiu-zi holding a sickle and crying. © 4. Ee 


FHRGRTAS. 4 (~530 BC) 

The ax, scissors, chisel, shovel, planer, and sickle were applications of the 
principle of the wedge. In the records of ancient Chinese literature, Shen 
Nong (#5) was regarded as the first to apply such a principle. 

Also, when the Mohists (2423) during the Eastern Zhou Dynasty (770— 
222 BC) discussed the labor-saving functions of the wedge, they used the 
“awl” as a description. Wang Chong (+-.7t) during the Han Dynasty (206 
BC-AD 220) said [11]: “The awl can pierce easily. If the blunt end of the 
awl is used, however, it cannot penetrate even a little bit.” " ${SEATEE > 
FEE + ESTHER > ERPDFR—7T ZR ° y Although the theory 
of mechanics might not have existed in ancient China, it is apparent from 
these references that the Mohists and Wang Chong understood the 
resourceful applications of the wedge. 

In addition to historical records on the applications of the wedge in an- 
cient China, there are also many pieces of archeological evidence. The 
wedge was already in use in ancient China during the Paleolithic Period 
some 400,000 to 500,000 years ago. Small two-edged stone chopping tools 
were discovered at Zhoukoudian, while larger stone chopping tools and 
pointed-tip tools were discovered in county Ruicheng of province Shanxi. 
These stone tools belonged to a period earlier than that of the Peking Man. 
Furthermore, the stone implements found in Zhoukoudian, site of the 
Peking Man remains, showed traces of wear and tear as a result of chop- 
ping trees. Awls made from bones hundreds of thousands of years old were 
found in city Ziyang of province Sichuan, Figure 3.1. From the mountain 
caves in Zhoukoudian, stone implements, bone implements, and needles 
made from bone tens of thousands of years old were excavated. In the vast 
areas in northern China, south of the Yangzi River, and northeastern China, 
large quantities of polished implements made from stones, bones, horns, 
and animal fangs ranging from 10,000 to 5,000 years old were discovered. 
During the New Stone Age around 5,000 years ago, there were more types 
of wedge and awl-shaped devices that were made with better techniques. 
The use of metallic implements started in ancient China during the Bronze 
Age over 4,000 years ago. Apart from wedge-shaped bronze implements, 
there were also metallic implements such as knives, axes, sickles, woks, 
swords, arrowheads, and ploughs. 

The above explanation shows that in ancient China during the prehis- 
toric period from the Stone Age to 2500 BC, natural materials such as 
stones, wood, and bones were already used to make implements that ap- 
plied the principle of the wedge, such as stone axes, stone knives, bone 
needles, fish hooks, fish spears, weaving needles, hoes, and arrowheads. 
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These implements were used for self-defense and hunting. During the serf- 
dom period (2500-550 BC starting from the Bronze Age some 4,000 years 
ago), ancient Chinese applied the principle of the wedge to make different 
weapons and daily implements using bronze and metal. In addition to 
many wedge-shaped bronze implements, there were also many metallic 
implements such as knives, axes, sickles, woks, shovels, swords, arrow- 
heads, and ploughs. The principle of the wedge had been applied to make 
different weapons and daily implements using bronze and metal since the 
start of the feudal period (550 BC), or since the Warring Period over 2,500 
years ago. The application of the principle of the wedge may be found in 
production machines, daily implements, or military weapons. Some of 
them were used together with the lever to make scissors and hoes. 

The knives, cutting tools, and nails in our daily lives today also use the 
principle of the wedge. 


Figure 3.1 Stone chopping and pointed-tip tools in the Old Stone Age [1] 


3.2.2 Inclined plane 


Although ancient Chinese knew how to use the inclined plane long ago, 
there were only a few ancient records of inventions using the principle of 
the inclined plane [5, 12]. 
1. Kao Gong Ji (4 Lad) [3] 
More work required in going up a hill. © (he > (SEH © » (~550 BC) 
2. Xun Zi: You Zuo (4): 44) [13] 
One cannot lift an empty cart to a plane three chi (/% ancient Chinese 
length of foot) high, but a fully loaded cart can go up a mountain. This 
is because the mountain path is inclined. ° =RiZ Fei HE A REeE 
th ADLZUE RBCS ES ° TRI ? BEM 4 
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Since the inclined plane applies a labor-saving principle, it is mainly used 
in the transmission of motion or application of force. For this reason, there 
were no specific inclined plane inventions and no unique archeological 
findings. It is generally believed that the inclined plane was used as early 
as the Paleolithic Period. 

The Mohism School founded by Modi (42#) constructed a gravity- 
pull cart to demonstrate the effects of the inclined plane. Figure 3.2 shows 
such a concept [14]. The front wheel was smaller than the rear wheel. A 
flat board was placed on the wheels, which made the board inclined. A 
rope tied to the rear wheel axle was passed through a pulley installed atop 
the inclined board. A heavy object was tied to the other end of the rope. 
This way, only a small force was needed to push the cart forward, and 
heavy loads could be lifted to specific heights. Although the gravity-pull 
cart might be a hard-earned scientific breakthrough for the Mohists, it is 
common sense for today’s movers. 


AS7 A777 
Figure 3.2 Concept of Modi’s gravity-pull cart of the inclined plane [14] 


Experiences and applications of the principle of the inclined plane to 
conserve energy could be seen in day-to-day activities in ancient China. 
For instance, using an inclined ladder to climb higher, using inclined 
stairways to go up buildings and towers, and using a winding path to go up 
mountains were common practices. Nevertheless, ancient literature con- 
tained few references to the inclined plane. 

In today’s daily life, the inclined plane is a necessary application every- 
where, such as stairs for going up floors and slopes for going up mountains. 


3.2.3 Screw 


Unfortunately, ancient Chinese literature does not have adequate records 
on the invention and application of the screw before the Ming Dynasty (AD 
1368-1644) [05, 15]. 
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1. Bao Pu Zi: Chapter 15 of Nei Pian (#4): NiweE+H.) [16] 


[O]r use wooden propeller, cow hide wrapped around the shaft of a fly- 
ing device ... rises forty li (#4, ancient Chinese distance of mile) up ... 
To. BOAR DARSIRHE > DP aaee > RIDE... EFF 
3? ... J 
This describes a flying device named fei che (#f€&#£) that used the prin- 
ciple of the screw. Recently, Liu Xian-zhou (4I{[ljj{) studied and 
reproduced such a mechanism, Figure 3.3 [17]. 
2. San Cai Tu Hui Chapter 8 of Qi Yong (= laf? - ZA /\#&) [18] 

(AD 1609) 

Figure 3.4 shows a figure of a section of a musket, which used the prin- 

ciple of the screw in weaponry. 
A clear description of the invention and application of the screw in ancient 
literature appeared in the books Wu Bei Zhi (Ufc) (AD 1621), Picto- 
rial Book of Strange Devices of the Far West (37447 4slelant ) (AD 1627), 
and Wu Li Xiao Shi (#j#E/|\g&) (AD 1640) during the Ming Dynasty. 
Nevertheless, these undoubtedly had been influenced by the introduction 
of western technology following Mateo Ricci’s travel to China in AD 1600. 

Because there were no records of inventions and applications of the 
screw before the Ming Dynasty (AD 1368-1644), there were also no arti- 
facts found. The “bamboo dragonfly,” a children’s toy in ancient China, 
used the principle of the screw; likewise, the “dragon tail pump” (Archi- 
medean screw) that was used to draw water in earlier times. 

Since the screw is a simple labor-saving mechanism, it is widely used 
today. For instance, the translation screw or power screw is often used to 
transform circular motion to linear motion, and it is often used in transport 
mechanisms, production machines, machine tools, spinning machines, 
weapons, and antenna systems. 


Zan 


3.2.4 Lever 


The shadoof and the weighing balance are applications of the principle of 
the lever [5, 19]. 

Shadoof 

The application of a lever in ancient China was recorded approximately in 
1700 Bc. Yi Yin ({###*), a minister during the Shang Dynasty (1766-1122 
BC), invented the shadoof namely jie gao (#§#) which was used for irriga- 
tion and for drawing water. 
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Figure 3.3 Reconstruction of fei che (F&# 
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Figure 3.4 Screws in San Cai Tu Hui «=> 
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The shadoof was a device that used the lever principle to draw water. 
A big tree or stand beside the well was made the support, that is, the frame, 
and a horizontal rod was placed on the support. A water pail for lowering 
into the well was attached to a hook on a vertical long rod connected to 
one end of the horizontal rod, while a rock was tied to the other end of the 
horizontal rod to balance the weight, Figure 3.5 [20]. 
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Figure 3.5 An ancient shadoof [20] 


The earliest record of the shadoof appeared in the book Zhuang Zi 
GET) [21]. 
1. Zhuang Zi-Chapter 12 of Wai Pian Tian Di (#6: Wim KE 
=) 
Zi Gong traveled south to the State of Chu. When he passed by Hanyin, 
he saw a man in the vegetation who dug a well and went inside it carry- 
ing a water jar. The man spent a lot of energy but accomplished little 
work. Zi Gong said, ‘There is a device that irrigates a vast area of vege- 
tation. Little effort is needed but the accomplishment is enormous. Why 
not try it?’ The man asked about the device, and Zi Gong said, ‘Make a 
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mechanism using wood, and make the rear heavier than the front. The 

device can draw so much water, and it is called the shadoof.’ 'SBE 

WET AE > QTE WR > SA — aL A > Fie ASI: ° Baba AFF > 

FUE LVE ° HAE RR °° FRA AT Be 

RAM ATRSMRWS > RP PACE ? PSM ML ZA: 8 

fA? Fl > ORES EE > JS ELBIT > 227K > Ne > EG 

BR 

2. Zhuang Zi- Chapter 14 of Tian Yun (#¢4-- Kitifs + V4) 

Yan Yuan asked Shi Jin, ‘Have you not seen a shadoof? If you pull, it 
comes down. If you let go, it goes up.’ " BARNET > AN LAS 

Reg OSPF S LCA > ZIMA ° 

In the publication Qi Min Yao Shu (Te RBG) [22] and the book Nong 

Zheng Quan Shu (/E<4=34) [20], the shadoof was a primary water irri- 

gating mechanism. 

Weighing balance 

Another application of the lever in ancient China was the weighing balance 

(HEE (8). 

A hanging rope was attached to the lever to serve as support. A heavy 
object was attached to one end of the lever while a measuring weight was 
hung on the other end to measure the weight of the object. This device, re- 
ferred to as the weighing balance by ancient people, was composed of the 
measuring weight and the balancing lever. 

There are many records of inventions relevant to the weighing balance 
in ancient literature. The weighing balance was a common application dur- 
ing the Spring—Autumn and Warring Periods (770-222 BC). Early records 
include: 

1. Lu Shi Chun Qiu (ECA EK) [23] 

The Yellow Emperor instructed Ling Lun to gather bamboos in the val- 
ley of Kun Lun to make a musical instrument; a balance was made to 
weigh them. " sari trims y Ebme CURE > Pere aE Mt 

Ree Sy Esse ° y (2599-698 BC) 

2. Mohist Canon: Chapter 43 of Shuo Xia (2848: at BESPU-+-=) [24] 
The balance tilts if the weight is added to one side; this is due to match- 
ing of the weights. Level both sides and the base becomes shorter and 
the tip longer. Add equal weights on both sides and the tip goes down; 
this is due to the tip having gained weight. ° (yj > HiHi-H—- 


fe > EER AA AGTH ° FAM > HIASRGALS ° WHIIES > BG > FILA 
» SHETHL ° 
3. Zhuang Zi- Chasie 10 of Wai Pian Qu Qie (42-4 MreliEBEeE--) [21] 


z 
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[I]t is called the weighing balance ... the balance that measures weights 
prevents disputes between the people ... "©... FiZ PES DFBZ ... ... 
HOM RAS ... 
4.Mencius (ii) [25 

[W]ith the weighing balance weighs are determined ... ©... FE2XAFI 


AS ET ... 


The book Mohist Canon (4) was the earliest to explain the principle 
of the lever in the weighing balance. It referred to the section from the ful- 
crum to the tip where the heavy object was placed (arm of resistance) as 
ben (AX), while the portion from the fulcrum along the measuring scale 
(arm of effort) as biao (#2). Mohists discussed the different settings of the 
weighing balance, which included the equal and unequal balancing of the 
ben and biao against the distances between the force and effect. Two hun- 
dred years before Archimedes discovered the principle of the lever, the 
ancient Chinese had already invented the weighing balance with two ful- 
crums, namely the zhu ping (Kf). In using the zhu ping, the fulcrum, not 
the weighted lever, needed to be adjusted to measure the weight of an 
object. 

In addition to historical records, there are also many artifacts that attest 
to the use of lever devices in ancient China. When man started to use 
coarse stone knives and axes, they might already have known how to use 
easily obtainable wooden clubs or sticks. Because wooden tools could not 
survive for a long time, they were difficult to preserve. In those times, 
most of the stone knives and axes with holes had wooden handles, which 
served as levers when the tools were used. Today, the earliest weighing 
balance excavated was the wooden balance with bronze weights (7X\f#yHi] 
#E), Figure 3.6 [5], excavated from a tomb of the State of Chu of the War- 
ring Period (480-222 BC) in mountain Zuojiagong near city Changsha. It 
was a device belonging to the 3rd or 4th century BC. Furthermore, one of 
the paintings of the 28 Heavenly Gods by Zhang Seng-yao (4 f##4) dur- 
ing the Liang Period of the Southern and Northern Dynasties (AD 386-589) 
showed the use of a wooden balance with bronze weights and weights for 
weighing objects. Indeed, ancient China bore many artifacts of weighted 
levers. In addition to the weighted lever mentioned in the book Nong 
Zheng Quan Shu, images of the weighted lever also appeared in wall paint- 
ings in the Wu Liang Shrine of the Han Dynasty (206 BC— AD 220), and in 
paintings of Jiao Bing-zhen (F252) during the Qing Dynasty (AD 1644— 
1911). In addition to the shadoof and weighing balance, there were also 
many applications of the principle of the lever in ancient China. These 
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included scissors, hoes, pincers, pedal-driven trip hammers, water-driven 
trip hammers, catapults, and the pedals of spinning machines, and others. 


° 


OO dooce: 


Figure 3.6 An ancient wooden balance with bronze weights [5] 


The lever is used either directly or in combination with other simple 
mechanisms. Primitive people used clubs to move heavy rocks or battle 
with wild beasts; this was a direct application of the lever. The stone 
knives and axes used by Stone Age people were tied to wooden poles, or 
the wooden poles were inserted through the holes of their stone imple- 
ments, these by making combinational use of the lever and the wedge. 

Today, the bottle opener, weight, balance, nail-extracting hammer, and 
even the badminton racket are applications of the principle of the lever. On 
the other hand, the nail cutter, scissors, and pliers are examples of the 
combined application of the principles of the lever and the wedge. 


3.2.5 Pulley 


The ancient Chinese knew how to use the pulley very early [5, 26]. Impor- 
tant records on inventions based on the principle of the pulley include: 
1. Wu Yuan (?9)) [27] 
Shih Yi was the first to create the pulley block. © CRRA 
Shih Yi (52) was a historian during the early Zhou Dynasty. If the re- 
cord is credible, the pulley block was invented sometime around 1100 
BC. 
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2. Nong Shu (23) [28] 
From the record in the book Nong Shu, the dual-way pulley block was 
invented before AD 1313. 
. Jin Shi- Chapter 107 (52 -#8—- A) [29] 
On the Shizigang of the wetern city of Handan there is the grave of Yue 
Jian-zi. Ji Long ordered the grave excavated. The first layer was com- 
posed of coal more than one zhang (X; ancient Chinese length of ten 
feet) deep. The second layer was a wood panel one chi thick. When the 
panel was raised, it was discovered that there was a spring with clear 
and cold water eight chi below the panel. A jug made from cowhide was 
attached to a winch cart to draw the spring water. Because the spring 
could not be drained in over a month, the excavation was discontinued. 
PES Sek Pea Sl 7a eS > BEBE TE ° WIIRIR MK 
BR RANI Ro FRU RT BR? HOEY RSE RE ° PERCE 
DIE ABER > ARI ZK Aa > TATAREIMTIE © y (AD 336) 
4. Wu Jing Zong Yao (gURGAAEE) [30] 
The winch cart uses large lumber as base. Two cross beams are in- 
stalled in the front where a winch crank is placed. Four wheels are in- 
stalled below. The mechanism is massive, and it can move an object 
weighted one thousand jin (/f, ancient Chinese weight of pound). " #86 
E> GAC ° oo PRE > ERSCHL > PS UfeVOE a > AG 
K- FWHOTH 
The book Mohist ee was the earliest to discuss the theory of the me- 
chanics of pulleys. It described the force in hoisting the heavy object as 
qing (@&), the force in free fall as shou (JQ), and the entire pulley contrap- 
tion as sheng zhi (ffi), rope measure). The Mohist Canon also described 
using the rope to raise heavy objects, where the forces of qing and shou 
were opposing but their effects existed on the same point. Raising heavy 
objects qing required work, but no effort was needed in shou. Using the 
“rope measure,” one could save energy. On one side of the “rope meas- 
ure,” the rope was longer, the object was heavier, and the load tended to 
fall even lower. On the other side, the rope was shorter, the object lighter, 
and the load tended to rise higher. If the rope became vertical, then the 
weights of the objects were equal, and the “rope measure” was in equilib- 
rium. If the “rope measure” was not in equilibrium, the heavy object being 
raised must be on the sloped side rather than hanging freely in midair. 

The pulley was invented in ancient China very early, and its applica- 
tion was very common. Chapter 12 of Shuo Xia of Mohist Canon (2&8 - 
at, F-+-_) [24] discussed experiments of the pulley. Lu Ban (48K) of 
the Warring Period (480-222 BC) used pulleys to bury the mother of Ji 


ies) 
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Kang-zi (25-J-), and built scaling ladders for the State of Chu to attack 
the State of Song. Also, there is a stone image in the Wu Liang Temple in 
province Shandong that depicts the story of the First Emperor of Qin Dy- 
nasty finding a cooking vessel in river Si Shui, Figure 3.7 [31]. According 
to legend, Da Yu (A. #4) made nine cooking vessels for distinguishing 
good and evil. The implements became the symbol of power of emperors 
during the Xia Dynasty (2205-1766 BC), Shang Dynasty (1766-1122 BC), 
and Zhou Dynasty (1122-256 BC). During the 19th year of Zhou Nan 
Wang (JfsiizE) (296 BC), Qin Zhao Wang (2844-£) took the nine cooking 
vessels with him and lost one in river Si Shui. When the First Emperor of 
Qin passed by the place on his way to the Eastern Sea in search for eternal 
life, he ordered 1,000 men to go into the river to retrieve the lost cooking 
vessel. When the cooking vessel appeared on the river surface, a dragon 
came out and gnawed on the rope, broke it, and caused the implement to 
sink into the river bottom again. The image of the vessel being salvaged 
depicts three men bending their body and exerting effort to pull ropes on 
the slopes of both banks of the river. One end of the ropes was passed 
through a pulley and attached to the top of the cooking vessel. There was an 
audience in the scene. This adequately proved that pulleys were commonly 
used at the time. 


Figure 3.7 Pulley in an ancient stone image [31] 
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Single-way pulley block 

Another form of pulley was a pulley block (ti), which was used to draw 
water from wells, Figure 3.8 [4]. It was composed of a short wooden cyl- 
inder placed across supports beside the well. A rope was coiled around the 
cylinder. One end of the rope was permanently fixed on the cylinder, while 
the other end was tied to a water pail. A crank was used to rotate the wood 
cylinder to draw water. This was called the single-way pulley block. Be- 
cause the radius of rotation of the crank was greater than the radius of the 
cylinder, the effect of force magnification could be produced. 
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Figure 3.8 An ancient single-way pulley block [4] 


Due to needs and changes in applications, the single-way pulley block 
was developed into a dual-way pulley block, winch cart, differential pulley, 
compound pulley, and axle. These are explained below. 

Dual-way pulley block 

The dual-way pulley block was also referred to as the flowering pulley 
block or compound pulley block, with two ropes coiled in opposing direc- 
tions. The ends of the ropes were tied to water pails. When the full water 
pail was pulled upward, the empty water pail would go down. Compared 
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with the single-way pulley block, the dual-way pulley block was functional 
in either direction. Moreover, the weight of the empty water pail and the 
rope going down the well minimized the effort needed to do the work. 
Therefore, the diameter of the pulley block could be increased to save time 
when drawing water. 

Winch cart 

The winch cart was an offshoot of the development of the pulley block. 
Compared with the pulley block, it had longer curved arms for exerting 
force. Also, the winch cart had many curved arms. 

Differential pulley 

The differential pulley, known to Westerners as the Chinese windlass, is 
composed of two rounded shafts with different diameters. The pulley 
where the heavy object is attached is pulled by a rope. One end of the rope 
is coiled around the shaft with the bigger diameter, while the other end is 
coiled around the shaft with the smaller diameter. One half the differences 
in distance between the rise and fall of both ends is generally equivalent to 
the distance traveled by the heavy object. If the difference between the di- 
ameters of the shafts is very small, then the distance traveled by the heavy 
object is also very small when the pulley makes one rotation, thus magni- 
fying the effect of the force. 

Compound pulley 

A compound pulley is composed of two pulleys with different diameters 
attached to an axle. Force is applied to turn the larger pulley, while the 
smaller pulley moves the heavy object. Its main effect is to reduce the 
speed of movement of the last moving pulley. This way, a smaller force 
can be used to move a heavy object. 


3.3 Linkage Mechanisms 


A linkage mechanism is an assemblage of links to transform types and di- 
rections of motions, coordinate required state of motions, guide rigid bod- 
ies, or generate motion paths [32]. 

Ancient China has a very long history in the use of links (lian gan) and 
linkage mechanisms, but their exact dates of use cannot be validated from 
the literature and artifacts. Furthermore, the term lian gan (j###, link) is 
seldom seen in ancient manuscripts; instead, qu bing (HH#/J, crank), gang 
gan (####, lever), or hua jian (/(F, slider) are common. They all refer to 
today’s “link.” 

The earliest application of the link appeared in the Old Stone Age. In 
the beginning, it was only a simple crank or lever, but later, levers were 
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interconnected to form link-lever mechanisms to boost work efficiency. 
The development of links and link-lever mechanisms was from simple to 
complex; it showed the close relationship of daily life and machines, such 
as agricultural machines, weaving machines, and handicraft machines. 

In what follows, the historical records, excavated proofs, and applica- 
tion examples of ancient Chinese linkage mechanisms are presented. 
Man-powered mill 
A mill is a device for removing rice hulls. The books Nong Shu [28], Nong 
Zheng Quan Shu [20], and Tian Gong Kai Wu [4] have records and illus- 
trations of the machine. 

The man-powered mill was a spatial linkage mechanism. It was an as- 
sembly of two ropes (member 2, Kg; and Kaz), a horizontal rod (K;1), a 
connecting link (K,2), a crank (Kc;), and the grinding stone (Kc), Figure 
3.9(a). One end of each rope was secured to the three-legged rack (member 
1, Ky); the other end was attached to the horizontal rod. The connecting 
link and the horizontal rod move parallel with the ground as one assembly 
(member 3), thereby driving the crank to rotate. The crank and the grind- 
ing stone on top of the mill was another assembly (member 4). During op- 
eration, the operator used both hands to push the horizontal rod back and 
forth with slight swaying. This caused the mill to operate continuously 
with the linkage mechanism to remove the rice husks. 

Since the two ropes are designed for providing an efficient input 
through human power and are symmetric, this device can be analyzed as a 
spatial mechanism with four members (the ground link Kp, member 1; the 
rope Kr, member 2; the horizontal and connecting rod K,, member 3; and 
the crank and the grinding stone Kc, member 4) and four joints consisting 
of two spherical joints (Js; joint a and joint b) and two revolute joints (Jp; 
joint c and joint d). Figure 3.9(b) shows its corresponding schematic draw- 
ing. Therefore, the number of members is N; = 4, the number of degrees of 
constraint of a revolute joint is C,x = 5, the number of revolute joints is Njp = 
2, the number of degrees of constraint of a spatial joint is C,s = 3, and the 
number of spatial joints is Nys = 2. Based on Equation (2.2), the number of 
degrees of freedom, F,, of this mechanism is: 


F, = 6(N; — 1) — (NinCgr + NisCcs) 
= (64-1) - (25) + DE) 
= 18-16 
=2 
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Figure 3.9 A man-powered mill [4] 
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Foot-operated spinner 

The best application of linkage mechanisms in ancient China was the spin- 
ning machines with an intricate assembly of links and pedals. The foot- 
operated spinner was developed based on the hand-operated spinner. The 
book Nong Shu [28] recorded the use of the foot-operated spinner with 
cotton thread rack. This foot-operated spinner was also a type of linkage 
mechanism, Figure 3.10(a). It was an assembly of a fixed pivot rod (mem- 
ber 1, Ky), a pedal (member 2, K,\), a crank (member 3, K,»), and a large 
rope wheel (member 3’, K;3). One end of the pivot rod was secured to the 
frame of the machine (member 1, K;), while the other end was connected 
to the foot pedal through a spherical joint (Js; joint a). The other end of the 
foot pedal was connected to the crank by another spherical joint (Js; joint 
c). The crank and the large rope wheel were one assembly, and was con- 
nected to the crank using a revolute joint (Jp; joint b). Figure 3.10(b) 
shows its corresponding schematic drawing. Alternately, stepping on the 
two sides of the foot pedal caused the crank to rotate the big rope wheel, 
and the machine to spin. 

This is a spatial three-bar mechanism with three joints, where the 
number of members is N; = 3, the number of degrees of constraint of a cy- 
lindrical joint is Cyc = 4, the number of cylindrical joints is Njc = 1, the 
number of degrees of constraint of a spatial joint is Css = 3, and the num- 
ber of spatial joints is Nys = 2. Based on Equation (2.2), the number of 
degrees of freedom, F,, of this mechanism is: 


F, = 6(Nz — 1) — (NucCsc + NisCss) 
= (6)(3 — 1) - [C)(4) + (2)3)] 
=12-10 
=2 


Water-driven wind box 

A wind box is a blower using water as its power source to generate the os- 
cillating motion of the output fan through linkage transmissions. The earli- 
est record of the water-driven wind box is found in the Du Shi Zhuan of 
the book Hou Han Shu ((@}232 - #3524) [33], which claims that in the 
7th year of Jian Wu (AD 31) during the Eastern Han Dynasty (AD 25-220), 
officer Du Shi of city Nanyang in province Henan, “constructed the water- 
driven wind box ... doing more work with lesser effort. It was a conven- 
ience to the people.” "34(F7KHE ... HODRMAWS > ARE. 2 
Figure 3.11(a) shows the illustration of a horizontal-wheel water-driven 
wind box in the book Nong Shu [28]. However, the topological structure 
of this illustration is not clear, and even confusing. This is one difficulty 
encountered in the study of ancient machines. 
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(b) 
Figure 3.10 A cotton thread rack [28] 


From the viewpoint of kinematics, this design consists of three linkage 
mechanisms in series: a simple rope and pulley mechanism, a spatial four- 
bar linkage, and a planar four-bar linkage, Figure 3.11(b). 


3.3 Linkage Mechanisms 63 


The river water drives the rope and pulley mechanism, which includes 
a water wheel (member 2, Kw), a vertical axis (member 2, Kwa), a big pul- 
ley (member 2, Kw2), a small pulley (member 4, Kwa), and a rope (member 
3, Kg). The water wheel, the vertical axis, and the big pulley have no rela- 
tive motion to each other, and they are incident to the frame (member 1, Kr) 
with a revolute joint (Jp; joint a). Through the belt, the big pulley speeds 
up the small pulley, which is incident to the frame with a revolute joint (Jp; 
joint b). 


4 bir) 


I 


Figure 3.11 A water-driven wind box [1, 28] 


The spatial four-bar mechanism includes a crank (member 4’, Kwz) 
which is integrated to the small pulley, a connecting link (member 5, Kj), 
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and a rocker (member 6, Ky). The crank has no relative motion to the 
small pulley and is also incident to the frame with a revolute joint (Jp; joint 
b). The connecting link is incident to the crank with a spherical joint (Js; 
joint c) and to the rocker with another spherical joint (Js; joint d). The 
other end of the rocker is incident to the frame with a revolute joint (Jp; 
joint e). This spatial mechanism has four members (members 1, 4, 5, and 6) 
and four joints consisting of two revolute joints (6 and e) and two spherical 
joints (c and d). Therefore, the number of members is N, = 4, the number 
of degrees of constraint of a revolute joint is C.z = 5, the number of revo- 
lute joints is Nyg = 2, the number of spatial joints C,s = 3, and the number 
of degrees of constraint of a spatial joint is Nis = 2. Based on Equation 
(2.2), the number of degrees of freedom, F,, of this mechanism is: 


F, = 6(Nz — 1) — (NorCgr + NisCss) 
= (6)(4-1) — [(2)3) + 2)(3)] 
= 18-16 
=2 


The motion of this mechanism is constrained since the rotation of member 
5 about the axis through the centers of spherical joints c and d has an extra 
degree of freedom that does not affect the input (the crank) and the output 
(the interrocker) relation of this spatial four-bar mechanism. 

The planar four-bar linkage includes the rocker (member 6, Kj«) as the 
input, a final connecting link (member 7, K,7), and the output fan (member 
8, Ks) of the wind box machine. The final connecting link is incident to 
the rocker with a revolute joint (Jp; joint f) and to the output fan with an- 
other revolute joint (Jp; joint g). The rocker is also incident to the frame 
with a revolute joint (Jp; joint A). This planar mechanism has four mem- 
bers (members 1, 6, 7, and 8) and four revolute joints (e, f, g, and A). 
Therefore, the number of members is N; = 4, the number of degrees of 
constraint of a revolute joint is C,p = 2, and the number of revolute joints 
is Njp = 4. Based on Equation (2.1), the number of degrees of freedom, F,,, 
of this mechanism is: 


Fp — 3(Ni = 1)- (NurCpr) 
= (3)(4 - 1)- 42) 
=9—8 
=1 


Therefore, the motion of this mechanism is constrained. 
In summary, this complex linkage mechanism has one input (the water 
wheel) and one output (the oscillating fan) and has constrained motion. 
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Jie Chi 

In ancient China, Jie chi (4{/X) was a traditional art tool used for drawing 
parallel lines, Figure 2.1(b). It was composed of upper and lower rulers of 
equal lengths joined by hinges to two bronze plate levers of equal lengths. 
When the lower ruler was set, moving the bronze lever and the angle of the 
vertical ruler would cause the upper ruler to become parallel to the lower 
tuler. It is a parallelogram consisting of four members (members 1, 2, 3, 
and 4) with four revolute joints (Jp; joints a, b, c, and d). The schematic 
representation of this device is shown in Figure 3.12. 


Upper rule 


Lower rule 


Figure 3.12 Schematic representation of jie chi (Fi) 


3.4 Cam Mechanisms 


A simple cam mechanism consists of three basic parts, a cam, a follower, 
and a frame. A cam is an irregularly shaped machine member which serves 
as a driving link by rotating with a constant velocity and imparting motion 
through direct contact to a driven link, the follower, which in turn moves 
in a desired motion. A cam (Ka) is adjacent to a follower (Kas) and a frame 
(Kf) with a cam joint (Ja) and a revolute joint (Jp), respectively. A follower, 
which is adjacent to the frame with a revolute joint or a prismatic joint (Jp), 
is usually driven to move with varying speeds in a noncontinuous and 
irregular motion. Figure 3.13 shows a simple cam mechanism together 
with its kinematic chain. 


Follower 


Figure 3.13. A simple cam mechanism [32] 
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Cam mechanisms had been in use for a long time in ancient China. The 
trigger mechanism of the crossbow around 200 BC was an intricate cam- 
shaped swing arm. The invention of the cam may be traced back to the 
Spring—Autumn and Warring Periods (770-222 BC), specifically to the 
bronze crossbow (Figure 3.14) belonging to the Warring Period (480-222 
BC), which was excavated in county Yi of province Hebei. 


Figure 3.14 An excavated bronze crossbow [1] 


Cam mechanisms also appeared in water-driven pestles. The publica- 
tion Huan Zi Xin Lun (fa-7-¥ a7) during the latter part of the West Han 
Dynasty (206 BC-AD 8) records a water-driven tilt hammer that “... used 
water to pound...” ©... 7@7K/M#® ... 5 [34]. 

Complex water-driven multiple tilt hammers appeared as early as the 
Jin Dynasty (AD 265-420). The publication Jin Zhu Gong Zan (#7475 
wa) states: “Du Yu and Yuan Kai constructed water-driven multiple tilt 
hammers.” " EFA ICEL EEE AKA 5 [35] There are also many records of 
water-driven multiple tilt hammers in the literature of the later periods. 

Figure 3.15(a) shows a water-driven multiple tilt hammer described in 
the book Tian Gong Kai Wu [4]. This is a typical simple cam mechanism 
with three members and three joints. Figure 3.15(b) shows its correspond- 
ing schematic drawing. The water wheel (member 2, Kw) was connected to 
a long shaft (member 2, Kwa) with paddles (member 2, Ka.) as an assem- 
bly. When the water flow moved the water wheel, its cam effect on the 
assembly caused the tilt hammers (member 3, Kas) to produce work. The 
long shaft was incident to the frame (member 1, Kr) with a revolute joint 
(Jp; joint a). The paddles were incident to one end of the tilt hammers with 
cam joints (Ja; joint c). The tilt hammers were also incident to the rack 
through a revolute joint (Jp; joint 5). 

The bell and gong mechanism on the hodometer (7c 25% #2) was also a 
cam mechanism. The Yu Fu Zhi of the book Song Shi (3254 - BaARTE) 
[36] describes such a mechanism as: “the shaft of the big outer wheels has 
two metal paddles; the horizontal wooden shaft has a paddle each.” "4K 
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7 iy 7A aE > SONS A E—. In the book Nong 
Shu [28], the description of the transmission of the vertical wheel of the 
water-driven wind box, which used a cam device, was similar to that of the 
water-driven tilt hammer. 
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(b) 
Figure 3.15 A water-driven multiple tilt hammer [4] 
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Others machines like the wood figurine clocker inside the water-driven 
astronomical devices by monk Yi-Xing (—7J) and Liang Ling-zhan (2247 
3*) during the Tang Dynasty (AD 618-906), the spurs inside the water- 
powered armillary sphere and celestial globe, the automated alarm inside 
the five-wheel sand-driven clock, and the movement of the paper figures 


inside the revolving lantern, all employed cam mechanisms. 


3.5 Gear Mechanisms 


Gears are machine parts, operating in pairs, which transmit motion and 
force from one rotating shaft to another, by means of successively engag- 
ing projections called teeth, for producing constant velocity ratio by direct 
contact. When two or more gears are in mesh for the purpose of transmit- 
ting motion from one shaft to another, the gear set is called a gear train. 
Figure 3.16(a) shows a simple gear train with one degree of freedom con- 
sisting of a driving gear (member 2, Kg>), a driven gear (member 3, Kg3), 
and a frame (member 1, Ky). The motion and power of the driving shaft 
are transmitted directly from the driving gear to the driven gear that in turn 
drives the driven shaft. The two gears are adjacent by a gear joint (Jc; joint 
c), and are each adjacent to the frame with a revolute joint (Jp; joint ag and 
joint bo). Figure 3.16(b) shows its corresponding kinematic chain. 

Based on excavated artifacts, the earliest metallic gears in ancient 
China may be traced back to no later than the Han Dynasty (206 BC-AD 
220). There might have been wooden gears in earlier periods, but the mate- 
rials could have rotted from age. 

Although there are many excavated ancient metallic gears, there has 
never been any record of their appearance or invention in ancient manu- 
scripts. Generally, gears were referred to as ji lun (#€ili@j), lun he ji chi (ij 
474874), and ya lun (7g), as in the examples below: 


5 


Driven gear 
eran a c 


Driving gear eo ae @ 
7 2Koa). # 3(Kgs) § 


co 
: - | 
“ado a: P. (Kr) 7 @ Ce) 


read mney ag bo 


Figure 3.16 A simple gear mechanism [32] 
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1. Song Shi - Chapter 80 of Lu Li Zhi (R52: @/\ +725E) [36] 
[B]elow was a gear wheel with 43 spurs connecting; no human power 
was necessary ... "++ ECP FS HRVI+A = > SyGeacsarey > MER 
AF reg 

2. Yuan Wen Lei - Chapter 5 of Guo Shou-jing Xing Zhuang (7U C8 - 
SLT EBSFAGTAR) [37] 

[T]wenty-five small and large wooden gears, where the teeth connected 
with one another ... © ++» K/\\6¥@ LITA EL. > DORA 

RAPBEE --- 4 

3. Ming Shi - Chapter 25 of Tian Wen Zhi (4450 -#8— +A Kaci) [38] 
In the early Ming Dynasty, Zhan Xi-yuan used a water-driven device but 
it frozed during winter, so he replaced water with sand ... the five 
wheels bore 30 teeth ... " HAS #i7CDUZK REFS ZRH ETT 
BDA RZK ++ EES TG 

The term gear did not exist during ancient periods. It appeared only in lit- 

erature of the late Qing Dynasty (AD 1644-1911). During this time, Chi- 

nese mechanical technology was already influenced by the West. 

Ancient Chinese gears can be classified based on their functions as 
power transmission and motion transmission. Gear mechanisms for motion 
transmissions were primarily used in south-pointing chariots, hodometers, 
and inside astronomical and clock instruments. However, there has never 
been any actual item with this type of application passed down or exca- 
vated. 

Gear mechanisms for power transmissions were primarily used in 
changing the speed and/or direction of the source power such as human 
power, animal power, wind power, or water power to produce the required 
output work. Such designs were often seen in water-driven agricultural 
machines that did not require high accuracy and speed. Consequently, 
wood was used as material, and the shape of the teeth was insignificant. 
They were similar to the pin gears of today. 

In what follows, some application examples of ancient Chinese gear 
mechanisms for power transmissions are presented. 

Multiple grinder 

Figure 3.17 shows a multiple grinder which appeared during the Jin Dy- 

nasty (AD 265-420). It was a food-processing device made up of eight 

grinders driven simultaneously by a cow. In the device, the cow rotated the 
large vertical gear wheel, which with its teeth, simultaneously drove the 
eight smaller horizontal gears. 
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Figure 3.17 A multiple grinder [28] 


Water-driven grinder 

Figure 3.18 shows a water-driven grinder which was widely used during 
the Northern and Southern Dynasties (AD 386-589). This water-driven mill 
was powered by a vertical water wheel. The direction of the power is 
changed to horizontal by a gear train to drive the output to two mills rotat- 
ing vertically. 
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Figure 3.18 A water-driven grinder [28] 
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Water- and animal-driven mills 

Figure 3.19(a) shows a water-driven mill which was driven by a verti- 
cal water wheel to produce an output rotation in horizontal direction 
through a gear mechanism. Figure 3.19(b) shows a horizontal animal- 
driven mill which was driven by animals to produce an output rotation 
in the same direction through a simple gear train. 


Figure 3.19 Water- and animal-driven mills [1] 
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Cow-driven paddle blade mechanism 

The book Nong Shu [28] has detailed introduction of the water-driven and 
cow-driven paddle blade mechanisms, which used gears to transmit power. 
Furthermore, the cow-driven paddle blade mechanism can be seen in the 
Tang Dynasty (AD 618-906) paintings. The books Nong Zheng Quan Shu 
[20] and Tian Gong Kai Wu [4] also have discussions about it. Figure 3.20 
shows a type of cow-driven paddle blade mechanism in the book Nong 
Shu [28] where the cow is used as the power source to drive the large hori- 
zontal gear which connects to the small vertical gear to produce the rotat- 
ing motion of the horizontal axis for driving the paddle blade mechanism. 


Figure 3.20 A cow-driven paddle blade mechanism [28] 
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3.6 Rope Drives 


Flexible machine elements are used when the distance between the shafts 
of the driver and the follower is comparatively long. As such, linkage, cam, 
or gear mechanisms are not applicable. Rather, common types of flexible 
connecting members are belts, ropes, and chains. The devices that are used 
for hoisting loads from their tension forces and/or in the transmission of 
motion and power are called flexible connecting mechanisms. Basically, a 
flexible connecting mechanism consists of a flexible connecting member 
that rotates about a pulley, sheave, or sprocket that is fastened to a rotating 
shaft. Motion and power from the driving shaft are transmitted from the 
driving wheel (pulley, sheave, or sprocket) through the flexible connecting 
members to drive the follower (pulley, sheave, or sprocket) which in turn 
drives the driven shaft. As shown in Figure 3.21, the driving wheel (mem- 
ber 2) and the follower (member 3) are both adjacent to the frame (member 
1) with revolute joints (Jz), and are adjacent to the flexible link (member 4) 
with wrapping joints (Jw). 


Flexible member 


PETE nye| Driven wheel 


Figure 3.21 A flexible connecting mechanism [32] 


Ropes are softer than belts, are easily produced, and can withstand 
considerable pulling force. Cords are generally used in motion transmis- 
sion between two nonparallel shafts particularly when the axes of shafts 
constantly change directions. A common application is in weaving ma- 
chines. In this case, the sheaves can be rotated in any direction through the 
pulling of the cords as long as they have sufficiently wide grooves. Wire 
ropes are suitable for long-distance and high-power rate transmissions, or 
for long distances with irregular motion paths or power transmission such 
as in cranes, and in the flight control mechanism of aircrafts. 

Ancient China had various applications of flexible connecting mecha- 
nisms, especially rope drives and chain drives, in various dynasties. In 
what follows, the historical development and applications of ancient 
Chinese rope drives are presented. 
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In English dictionaries, a rope is defined as a length of stout cord made 
of strands of natural or artificial fibers twisted or braided together. The 
term rope also appeared in various ancient Chinese literatures. According 
to Guang Qi of the book Xiao Er Ya (/)\AgH{E- Has) [39]: “The larger 
one is called a rope, the smaller one is called a cord.” "K¥#o,.Z > /) 
AGH Zh. 4 According to Xi Ci Xia of the book Yi-Jing ( ARS: BaF 
“F) [40]: “Ancient people tied knots on cords to keep record, while peo- 
ple during later periods used writings to keep record.” " E7aS#ETMTIA > 
ATT HE A GH ZLB. 4 And, according to the book Shuo Wen ¢ it 
4<) [41]: “The cord was used to tie things together. The cord was made 
with hemp, while the rope was made with dried weed.” "#l > 2th, PR 

SHA. FMEA > SCR. 

The use of ropes in ancient China can be traced back to the New Stone 
Age over 4,000 years ago. At that time, ropes would not have functioned 
as power transmission. During the Shang Dynasty around 1300 BC, ropes 
for motion and force transmission were used in pulley blocks for drawing 
water, agricultural machines, and weaving machines. The book Mohist 
Canon during the Spring-Autumn and Warring Periods (770-222 BC) ex- 
plored the relationship between the structure and stress of ropes. The rope 
and pulley used in drilling salt wells appeared later in the West Han Dy- 
nasty (206 BC-AD 8) at the latest, but the invention of silk weaving and 
baste weaving was the earliest in ancient China. Based on excavated wall 
paintings, it can be proven that cotton spinners and relevant technologies 
were already available during the Han Dynasty (206 BC—AD 220). 

Weaving machines 

The evolution of motion and force transmission by ropes in machines 
was closely related to the development of weaving technology in ancient 
China. Primitive weaving technology, which was developed from the 
lashing craft, was already widespread during the New Stone Age. In the 
beginning, the weaving method involved twisting fibers section by sec- 
tion until a spinning device namely fang zhui (#7) was developed. The 
spinning device could be used to twist and ply. The spinner, which came 
after the spinning device, was a fully developed weaving machine. 

Motion and force transmission by ropes and cords was often seen in 
the weaving machines of ancient China. In the beginning, the spinner was 
single-spindle and hand-driven. The main parts were the crank, the wheel, 
the rope, and the spindle. Figure 3.22 shows a picture of a spinner from the 
wall painting inside a tomb from the Han Dynasty (206 BC—AD 220). It is a 
hand-driven single-spindle spinner. The crank is used to rotate the wheel, 
the rope, and then the spindle shaft. In this way, the spindle can be turned 
at high speed to spin the thread. 
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Figure 3.22 A picture of a spinner from the wall painting in the Han Dynasty [1, 5] 


The single-spindle spinner was developed into the multiple-spindle 
spinner, and later, the large spinner. The earliest record of the large spinner 
can be found in the book Nong Shu [28] as shown in Figure 3.23. The 
mechanism of a large spinner was divided into two sections. One was for 
the spindle transmission; the other was for the reel transmission. Bamboo 
wheels were installed on both sides of the machine, and they were con- 
nected by a belt, the pi xian (K%4%) made from animal hide. The lower end 
of the belt directly weighed down on the spindle rod. When the driving 
wheel of the left side rotated, friction between the belt and the spindle 
shaft caused the spindle to rotate. Transmission of the reel was dependent 
on the effect of a pair of perpendicular wooden wheels and the rope. Fric- 
tion from the upper end of the belt caused the small rotary drum in the 
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right bottom side to rotate, then the rope caused the rotary drum on top to 
rotate. The speed ratio of these two rotary drums affected the speed of 
baste twisting. Based on the transmission from the two sections of rope, 
the spindle and reel were able to rotate at a specific speed. 


Figure 3.23 A large spinner [28] 


Foot-driven silk reeling machine 

The main part of a foot-driven silk reeling machine was composed of a 
linkage mechanism and a rope drive. The book Tian Shu «( #7) [42] 
states: “The encircling rope was connected to the left side of the machine. 
The front measure was five cun (<},, ancient Chinese length of one tenth of a 
foot). The connecting rod at the bottom left side of the machine was one cun 
and a half. In the machine was a cylinder, where the encircling rope was 
coiled. The rope moved continuously as the machine was operated, and it 
caused the cylinder to rotate. Protruding braces were attached on the cylinder. 
On the braces were two chi long bamboo rods that receive without tangling 
the (silk) lines. The crank was attached to the left end of the cylinder, while 
the other end was placed on the bracket to steady the spool. Therefore, the 
machine was operated such that the rope rotated the cylinder, and the cyl- 
inder caused the bamboo rod to move while maintaining equilibrium.” 
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Gong Kai Wu [4]. 


Figure 3.24 A foot-driven silk-reeling machine [4] 


4 Figure 3.24 shows such a design in the book Tian 


The wooden cylinder named gu (#%) (Figure 3.25) in the article was re- 
ferred to as mu niang deng (£442) in the book Guang Tian Sang Shuo Ji 
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u) [43]. At the center of the cylinder was a hole. The 


cylinder was placed on a short vertical tenon joint at the left side of the 
machine frame. On the outer edge was a sheave for passing the rope. A 
rope connected it with the groove on the frame shaft. The upper portion of 
the cylinder was passed through the two brackets on short shafts called the 
braces. One end of the cylinder protruded beyond the edge of the cylinder. 
There was a round tenon on it, making this an eccentric shaft which was 
connected to the rod. When the rotating shaft moved, it caused the cylinder 
and braces to move too by way of the rope. As a result, the eccentric shaft 
on the braces moved in a circular pattern. One end of the spooling bamboo 
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rod passed through the hole of the pole on the right side of the machine 
frame. In this way, as the eccentric shaft moved in a circular pattern, the 
entire bamboo rod moved back and forth. During this time, the bamboo 
rod fed the silk threads, which intersected and were rolled up in layers. 


Figure 3.25 Mu niang deng (£488) - an eccentric device of ropes [1, 43] 


This eccentric device of ropes was a typical mechanism in ancient 
China. The horizontal-wheel paddle blade machine also contained such a 
mechanism, which transformed the original circular motion into linear 
reciprocating motion. 

Animal-driven mill 

In ancient times, animal power was made possible through rope drives. 
The book Nong Shu states [28]: “The animal force moved the wheel axle, 
where a belt made from animal hide or a big rope was encircled twice. 
This was then connected to the upper portion of the mill. As the wheel 
turned, so did the rope. When the rope achieved one revolution, the wheel 
had fifteen revolutions. As compared with human labor, this was faster and 
labor-saving.” "(SA TMT Atma > DIRK ECKL a] > 7230 
AWE.Z Ea ¢ FREE AUER > EE — Fa)AU RS El > PEAS ACT > Bak 
44 ° 4 Figure 3.26 shows such an animal-driven mill from the book 
Tian Gong Kai Wu [4]. 


ay 


3.6 Rope Drives 79 


OSA 


Cow-driven well-drilling rope drive (7-H Himes t+) 
The mechanism used in salt-well mining in province Sichuan during the 
Ming Dynasty (AD 1368-1644) relied on the traction and motion transmis- 
sion of rope drives. The book Tian Gong Kai Wu states [4]: “A shadoof, 
pulley block, and other tools were installed at the mouth of the well. A 
cow was tied and connected to the wheel. As the cow moved, the wheel 
turned and pulled at the pulley block. Water was then drawn from the 
well.” "Ff EJRRGRA > HERG EL > (ERROR > APH > GE CHEE > 
Ye7kifi_E ° 4 Therefore, the cow rotated a big sheave. One end of the 
rope passed through an idle wheel and pulley block and was tied to the 
drilling tool. The tool was raised as the cow drove the big rope wheel to 
rotate. Figure 3.27 shows such a design. 
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Figure 3.27 A cow-driven well-drilling rope drive [4] 


Rope-driven grinding machine 

All grinding machines for jade stones in ancient times used ropes or belts 
for motion and force transmission. Figure 3.28 shows such a design in the 
book Tien Gong Kai Wu [4]. The grinding wheel is placed on a horizontal 
axle, and both ends of the axle are attached to bearings. On each side of the 
grinding wheel is a rope or belt, in which the upper portion is attached to 
the axle. The ropes or belts are wound in a few circles around the axle in 
opposite directions. The lower portion of the ropes is attached individually 
to two foot paddles. Stepping alternately on the foot paddles causes the 
grinding wheel to rotate back and forth. The jade stone is then brought to 
the grinding stone for processing. 


3.7 Chain Drives 


When rigid metal link plates are pinned or hooked together forming a 
flexible connecting element, it is called a chain. It must be used in con- 
junction with a sprocket when in transmission to form a chain drive. For 
long-distance transmissions, gear drives are not economical and belt drives 
have length deficiency. Chains are thus generally used in such a situation 
to transmit precise speed ratios. 
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Figure 3.28 A rope-driven grinding machine [4] 


A chain is a hard yet flexible mechanical member for motion and force 
transmission. There are different designs and shapes of chains depending 
on the applications. Generally, chains are categorized as hoisting chains, 
conveyor chains, and power transmission chains. Hoisting chains are used 
for lifting or towing. A conveyor chain moves the objects hung or placed 
on it to another place. In addition to moving objects, the conveyor chain is 
also often used in low-speed force transmission, such as the paddle blade 
mechanism during the East Han Dynasty (AD 25—220) and the scoop water 
wheel, named gao zhuan tong che (j=y##{fajH#4) during the Tang Dynasty 
(AD 618-906). The power transmission chain is used for higher speed or 
higher force transmission, such as the sky ladder named tian ti (K#§) 
inside the astronomical clock tower during the Northern Song Dynasty (AD 
960-1127). 

The earliest recorded use of the chain, without the functions of motion 
and power transmission, is found in the publication General Study of 
Calabash Instruments in the Shang and Zhou Dynasties (1766-256 BC) 

( Pal @e¢S3H SS ) [44], named Lin Wen Calabash Pot, as shown in 
Figure 3.29. 
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Figure 3.29 The chain in the device Lin Wen Calabash Pot (f#FHSI #2) [44] 


There were many examples of chains used for transporting and con- 
veying purposes within machines in ancient China. Many of them were 
used in irrigation and water-drawing machines. In what follows, the his- 
torical records and application examples of chains and chain drives in 
ancient China are presented [1]. 

Paddle blade machine 

The paddle blade machine contains a conveyor chain, which allows con- 
tinuous water-drawing activity. It is convenient to operate and relocate and 
has been a widely used and effective irrigation or water-drawing machine 
since ancient times. Based on the source of the power, paddle blade ma- 
chines can be divided into man-powered, animal-driven, wind-driven, and 
water-driven. All of them contain the upper and lower chain wheels and 
conveyor chains as the main parts. The wooden chain of the paddle blade 
machine is called the “dragon spine.” Its main part is referred to as the 
“crane’s knee” in the book Nong Zheng Quan Shu [20], and it is connected 
by wooden pins to form a chain. 

Paddle blade machines had many names, such as dragon-spine ma- 
chine, water dragon, water machine, foot paddle machine, and water centi- 
pede. Most manuscripts in the early periods referred to it as the paddle 
blade machine. Based on literary records, the paddle blade machine was 
invented no later than the East Han Dynasty (AD 25-220). The publica- 
tionZhang Rang Zhuan of Hou Han Shu (7@ 235 - se#2(Ef) states [45]: 
“On the third year of Zhong Ping Period (186 AD), the eunuch Bi Lan was 
ordered to make four bronze men ... and paddle blade machine and siphon 
on the east side of the bridge for irrigating the streets on the southeastern 
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side, so as to save people from paying for irrigation.” © ZS =7E A EHY 
WETS IM SES ADO >... SL PEAMLEE + YRS > HEIDE > FERED 
Bo DBASE Ze, 3 Also, Wei Shu of Fang Ji Zhuan of the lit- 
erature San Guo Zhi ( =Qi& - BU - ARE) has the record of Ma Jun 
384) who built a paddle blade machine [46]: “There was a smart person 
called Ma Jun from Fu Feng. ... The city had lands for gardening but there 
was no water. Ma Jun built a device that could be operated by children to 
draw water. The water went in at one end and comes out the other. The 
technology of his device was significantly more advanced than those of 
other mechanisms.” "HPQFAEUES > RAE. ... tal > SRI 
ih > WDE > BAKE. ToVERE > AF mS #2 7k B 
fi BAR: SISA. 2 

Based on the way they were operated, the manually driven paddle 
blade machines were classified as hand-operated and foot-operated. Figure 
3.30 shows a foot-operated paddle blade machine. The book Nong Shuhas 
a detailed record of the machine [28]: “Fan Che was referred to as the 
dragon spine, which was used to irrigate farm. In addition to the railings 
and banisters, the device used wood planks to form a groove that could be 
as long as two zhang. The width varied from four to seven cun, while the 
height was approximately one chi. Inside the groove was a conveyor, 
which was as wide as the groove width. It was shorter than the groove 
boards by one chi and attached to the large and small wheel axles. Paddle 
blades were attached to the conveyor. Four pegs were attached to the hori- 
zontal beam, which comes out of both sides of the larger axle and was set 
on racks on the bank. When a person stepped on the pegs, the conveyor 
with the paddle blades moved and carried water up the bank. The device 
had few key elements and may be easily constructed by the carpenter. 
Three devices may be used for banks three zhang high. Water may be 
drawn from a small pool at the middle of the dragon spine series to irrigate 
dry farms three zhang high. The device was applicable where the land was 
near a water source.” "@JHi> SAB 7HPRHW, ... SBA ZE 
HH. HZ ill > REAR RAUL > BEY BER > eR] efi 
RUSE > BPO Boh > IR. REAR TINK te > GERRI > 
EGF APRA > AEA in > TEE Pin. 
BE, AE LAMA > SP PSA > ER EZ. ASE 
PASEO > RIKER. TREES > TERT AIK EG. ERR GERE > 
FAN > FBS. RK ZK: PRICE WASH 
VIVEK EZ: EREKDERS ZH. SK BAe 
FAA. 
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The books Nong Zheng Quan Shu [20], Tian Gong Kai Wu [4], and 
Lu Ban Jing (Ht) [47] contain records of the paddle blade machine. 
Tian Gong Kai Wu states [4]: “When water from the lake did not flow, the 
wheel was turned by a cow or by several persons using foot pedals. A 
longer device was approximately two zhang; a shorter device was half the 
size. Inside the device was a chain of boards that were operated to push 
water upwards. One person’s effort in a day could irrigate approximately 


one-third mu (i, ancient Chinese area of acre) of land. A cow’s effort ir- 


rigated double the area.” " EOGRHATIZK > BKDIZETTHRAS > BARB 
HERO Mae: AAR AE Bi Rk. 
AGK-ABAZH > HAAM > MERZ. 4 Figure 3.20 shows a 


cow-driven paddle blade machine. 
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Figure 3.30 A foot-operated paddle blade machine [4] 
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The book Tian Gong Kai Wu also has records of the wind-driven pad- 
dle blade machine [4]: “In Yang Prefecture, a wind sail was used to power 
the device. When the wind stopped, the device ceased to operate.” " $F 
DEW aa > Pee > RUB. 4 Based on the position of the axle, 
windmills in ancient China were divided into horizontal- and vertical-axle 
windmills. The invention of the windmill dates back to the East Han Pe- 
riod (AD 25—220) and the Song Dynasty (AD 960-1279). Since the capacity 
of the windmill was dependent on the wind velocity, the wind-driven pad- 
dle wheel machines were more often used to draw water than to irrigate. 
Jing che (FFF) 
The water machine Jing che was used to draw water from water wells; it 
was also called a wooden dipper water machine. The machine used 
wooden dippers instead of paddle blades. A series of wooden dippers were 
connected by a chain, and the chain was connected to a vertical wheel in- 
stalled at the mouth of the water well. When the vertical wheel rotated, the 
wooden dippers were continuously raised to scoop the water, achieving a 
conveying function. Its main difference with the paddle wheel machine is 
that it did not have a chain wheel at the lower portion. Figure 3.31 shows a 
design structure of a jing che. Since it was not possible to use wooden 
paddles to scour water from a vertical well, a series of wooden dippers 
were used instead. The dippers were connected to the large wheel on the 
mouth of the water well. At one end of the wheel axle was a large vertical 
gear, which was connected to a large horizontal gear. An animal was used 
to rotate the large horizontal gear, which in turn drove the large vertical 
gear. The large vertical gear caused the large wheel connected to the chain 
of dippers to move, too. In this way, the dippers were continuously raised 
and water was brought up, deposited in a pan inside the wheel and then 
channeled to the field. 

The publication Tai Ping Guang Ji (7245 /8fac) , an excerpt from the 
publication Qi Yan Lu (/42H#&) , states [48]: “Deng Xuan-ting went to 
burn incense in the temple. He observed a water wheel in the orchard with 
several monks. The wooden buckets were attached in a chain to draw wa- 
ter from the well.” "SSxHEAS7T& > Sse (S SB > FLZKE 
DIARABAASHL > YI . a Also, according to the publication Jiu Tang 
Shu (46/###$) [49], Deng Xuan-ting (SS %#£) “had offended during the 
first year of the Yung Chang Period (689 AD), and died in prison.” "@SK 
Ee ' oe E7csE SSE > PASE. | 4 It can therefore be inferred from 
these that the water machine was already being used during the early years 
of the Tang Dynasty (AD 618-906). 
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Figure 3.31 Design structure of a jing che (F¢ #2) [5] 


Gao zhuan tong che (jaya) #2) 
The water-lifting device named gao zhuan tong che was a chain conveyor 
water machine. The book Nong Shu states [28]: “The gao zhuan tong che 
(water-lifting device), as a standard, was ten zhang high. A higher rack and 
a lower rack were erected to which two wheels were installed. The lower 
wheel was half submerged in water. The diameter of the wheels was four 
chi. The two sides of the mechanism were raised high with a groove in the 
middle to pass the tube cable. The tube cable was arranged in three sec- 
tions but connected as a ring without ends. Bamboo tubes were tied to the 
rope at five cun interval. Each tube was one chi long. Wood tablets of the 
same length were also attached below the tube cable. A metal cable was 
often used and wrapped around the upper and lower wheels. A flat wooden 
plank was attached between the wheels to absorb the weight of the tube 
cable. The machine was driven by foot paddles or a cow rotating the upper 
wheel. The tube cable scooped water from below and traveled to the upper 
wheel along the groove. The tubes deposited water upon reaching the 
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upper wheel and empty tubes were returned below. This process continued, 
and the water drawn in a day was no less than that those drawn using a hu 
che on flat ground. If it were a pool, another machine would be attached, 
making a total length of over 200 chi. This was applicable when the banks 
were high or the fields were on a hill. The machine was being used in the 
pond inside Hu Qiu Temple in Ping Jiang, but because the water drawn 
was enough for drinking and not irrigating, it was discontinued. Recently, 
better methods are being tested, and the users relate their experience.” 
pula HE > Fores DAOC Rae > LE ROK > ii > PP LEK 
A, SHAD. HZ el > PSs ene » SCH > DISS TIS 
FRAY » Sb = ee HEPES — > MER > QUE. Sx EASE 


STi. fale PRIS > FED > BARA. TA 
BRAETE > ERIK > KEP EB i. HP ase ZI] > SR SIARP ES 


{TRIE > ESR CER > DUR fae ZH BO > BR 
Difax PSG aR 2e Ei > WE 7k > Z27ai 2 WUE AG > 
APTtezk > AieRHEE. ASRRSHYA > FRRE HE > aT RC ABRR. 
RUA REPR > BR ZELLLE > BPA > SAAD SF RA 
{EV IRBK > ASR > Ck. PERG > eel > TE Aes 
(aa 

It is clear from these writings that the water-lifting device gao zhuan 
tong che was composed of upper and lower wheels, a tube cable, and sup- 
porting frame. Half of the lower wheel was immersed in water, and the 
height to which the water was drawn could reach ten zhang. Based on the 
sources of power, the machine may be divided into the manpower-driven, 
animal-driven, and water-driven. Figure 3.32 shows a water-driven gao 
zhuan tong che. 
Tian ti (sky ladder) (Kt) 
There are some historical records on chain drives being used in power 
transmissions. For instance, the silver-operated clock constructed by 
Zhang Si-xun (4 /Ga]ll) in AD 987 employed a chain drive to transmit 
power. In the case of the astronomical tower constructed by Su Song (#* AA) 
and Han Gong-lien (7S) in the early year of the Yuan You Period (AD 
1086-1092) in the Northern Song Dynasty (AD 960-1127), since the verti- 
cal main shaft was too long, it was replaced by a ring chain for transmis- 
sion to serve as the power source for driving the astronomical device. This 
device was called the tian ti (sky ladder). It was a typical chain drive with 
metallic chains for transmitting motion and force. 
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Figure 3.32 A water-driven gao zhuan tong che [4] 


Figure 3.33 shows such a device in the book (#7(RAIEE) [50]. In 
the device, the rotation of the driving axle was transmitted to the upper 
horizontal axle through two small chain rings. This caused three gears to 
move the celestial movement hoop and the sun-moon-star panel of the 
machine. The article states: “The one zhang nine chi five cun long ‘sky 
ladder’ was a chain of connected metal braces. The chain was connected to 
the upper and lower hubs. Every turn of the chain caused the celestial 
movement hoop to move a distance, which in turn caused the sun-moon- 
star panel to move, too.” "ii F—-ATLR AT. FADS a 
> DBR BEE. PAKS Bik. Be —FRRIBK 
WER — EE > DABS = Irefse > MEE. 4g The term tie gua (#345) in the 
book refers to spare parts of the metallic chain. The upper and lower hubs 
refer to the small chain wheels in the upper and lower axles. The sky lad- 
der and chain wheels could be used to accurately transfer force. Their 
effects and those found in modern machines are entirely the same. They 
are actual examples of the earliest application of chain drives in ancient 
China. 
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Figure 3.33 Tian ti (sky ladder) [50] 


References 


1. 


N 


uo 


& 


Edited by Lu, J.Y. and Hua, J.M., A History of Science and Technology in 
China — Volume of Mechanical Engineering (in Chinese), Science Press, 
Beijing, 2000. 

Reaiune > FEEEAA=E i > BORER Se - Be > BSAA > IEEE > 
2000 4F 
Lu, J.Y., History of Chinese Machines (in Chinese), Ancient Chinese Machin- 
ery Cultural Foundation (Tainan, Taiwan), Yue Yin Publishing House, Taipei, 
2003. 

Peace > PBUH > Ha ROC AEE (CGR > GY) > erSuihh 
mh > GALE > 2003 4, 


. Kao Gong Ji (in Chinese), annotated by Zheng Xuan (Han Dynasty), commen- 


taries by Jia Gong-yan (Tang Dynasty), collated by Ruan Yuan (Qin Dynasty), 
notes and commentaries from Zhou Li, Chapter 41, Da Hua Publishing House, 
Taipei, 1989. 

($Tat) + MERE > BOE TER > boc eH BD > Palme ce 
Ge BP— >» Ate eehbort > Gb > 1989, 


=| 


. Tian Gong Kai Wu (in Chinese) by Song Ying-xing (Ming Dynasty), Taiwan 


Commercial Press, Taipei, 1983. 
(KUM) > RAE THARHIBE > KEY > GYRE SER > dE > 
1983 4E, 


. Liu, X.Z., History of Inventions in Chinese Mechanical Engineering (in Chi- 


nese), Science Press, Beijing, 1962. 


90 Chapter 3 Ancient Chinese Machines 


i 


oo 


10. 


SAUL > of ER eae LARTER — Be)» ULAR ALK » 1962 4. 


. Yan, H.S., “Ancient Chinese wedges (in Chinese),” Mechanical Engineering, 


Chinese Society of Mechanical Engineers, Taipei, No. 221, pp. 34-37, Febru- 
ary 1998. 
BAUSaR > TH BIAISCES > RPK LAS > PBT @ > GIE > a 221 
HA 34-37 B > 1998 4£02 A 


pas 


. Gu Jin Shi Wu Kao (in Chinese) by Wang San-pin (Ming Dynasty), Taiwan 


Commercial Press, Taipei, 1973. 


(hS HWS) + EUSA > GREE See > GIL > 1973 4. 


. Gu Shi Kao (in Chinese) by Qiao Zhou (Three Kingdoms), Yi Wen Publishing 


House, Taipei, 1962. 
(se) > Peleg] 6e > AscHihbutk > GAL > 1962 


. Shi Wu Gan Zhu (in Chinese) by Huang Yi-zheng (Ming Dynasty), Qi Lu 


Books, Jinan, 1955. 

(AER) > BE — TETRA RHEE > PMS Sak > BEA > 1995 4E. 
Shuo Yuan (in Chinese) by Liu Xiang (Han Dynasty), Taiwan Commercial 
Press, Taipei, 1965. 
Ciisi) + SMIERHBE > GREESEUSSRE > GAL > 1965 4. 
. Lun Heng (in Chinese) by Wang Chong (Han Dynasty), Hong Ye Books, 

Taipei, 1983. 
aif) > ETCH > ZS > GAL > 1983 4. 
. Yan, H.S., “Ancient Chinese inclined planes (in Chinese),” Mechanical Engi- 

neering, Chinese Society of Mechanical Engineers, Taipei, Nos. 222 and 223, 

pp. 56-60, June 1998. 

Be ARIA R > eT > PRR Tee Be dE 

222, 223 Hf 56-60 B > 1998 4E 06 A 
. Xun Zi (in Chinese) by Xun Kuang (Zhou Dynasty), Taiwan Commercial 

Press, 1967. 

(Ait) + AOU RHIES > GSRSPAEN SRE > GIL > 1967 +E. 

. Chen, M.D. and others, Brief Stories of History of Science and Technology in 
China (in Chinese), Ming Wen Books, Taipei, 1992. 

BRIER > (IRA BIR S fa sea > HYScee ay > db > 1992 4B. 

. Yan, H.S., “Ancient Chinese screws (in Chinese),” Mechanical Engineering, 
Chinese Society of Mechanical Engineers, Taipei, No. 224, pp. 30-33, August 
1998. 

Beak > TH BIA > RPK LES > PRI TS > GIb > oa 224 
HA > 30-33 BH > 1998 £08 A 
. Bao Po Zi (in Chinese) by Ge iene (Jin Dynasty), Taiwan Commercial Press, 

Taipei, 1979. 

CHAN) > SSRDSRSHIBE > SRE PSEUGSEE > GIL > 1979 4e, 

. San Cai Tu Hui (in Chinese) by Wang Qi (Ming Dynasty), Zhuang Yan Cul- 
ture Co., Tainan, Taiwan, 1995. 
(=F) > ESTRAHEe > HEROCIL RA] > GR GY > 1995 


ae. 


{lin 


° 


20. 


2 


— 


22. 


23. 


24. 


25: 


26. 


27. 


28. 


29. 


30. 


References 91 


. Wang, Z.D., Ke Ji Kao Gu Lun Cong (Papers in Technical Archaelogy) (in 
Chinese), Cultural Relics Publishing House, Beijing, 1963. 
EERE > BEBE itn a F 


. Yan, H.S., “Ancient Chinese levers (in Chinese),” Mechanical Engineering, 


Chinese Society of Mechanical Engineers, Taipei, No. 225, pp. 68-73, Octo- 


ber 1998. 


Baws > TE ABM ATE 
» 1998 4F 10 | 
Nong Zheng Quan Shu (in Chinese) by Xu Guang-qi (Ming Dynasty), Taiwan 
Commercial Press, Taipei, 1968. 


HA > 68-73 


pas 


(RES ) 


CARS > AIL» 3 225 


Gk > 1968 tf, 
. Zhuang Zi (in Chinese) by Zhuang Zhou (Zhou Dynasty), Jin Xiu Publishing 
House, Taipei, 1993. 


Ou. 


GET) > EFA 


Qi Min Yao Shu (in peta ie Jia Si-xie (Late Wei Dynasty), Taiwan 


Commercial Press, Taipei, 1968. 


CRT) 


CREEK) 


Mohist Canon (in Chinese) by ae Gi 
lishing House, Taipei, 1966. 


wf GIL > 1968 4F, 
i Bu-wei (Zhou Dynasty), Jin Xiu Publish- 


SE RB > 
Lu Shi Chun Qiu (1 
ing House, Taipei, 1993. 


(EA ) 


> FRE 


a2 [RBH > BST 


> GIE> 1966 4 


Mencius (in Chinese) by Meng Ke (Z 


Taipei, 1969. 


(mt) > aie 


[AISA] BE > Bact > GAL > 1969 4e, 


> dk > 1993 4F. 
uan-zhi (Song Dynasty), Yi Wen Pub- 


° 


hou Dynasty), Yi Wen Publishing House, 


Yan, H.S., “Ancient Chinese pulleys (in Chinese), Mechanical Engineering, 
Chinese Society of Mechanical Engineers, Taipei, No. 226, pp. 21-26, 


December 1998. 


Brae > TE HBA 
1998 4 12 : 


HA > 21-26 


oa 


CHS e > GIL FB 226 


Wu Yuan (in Chinese) by Lou G (Ming Dynasty), Yi Wen Publishing House, 


Taipei, 1965. 


(VR) + ENE 


Nong Shu (in Chinese 
Press, Taipei, 1968. 


> IL > 1965 4F, 


hen (Yuan Dynasty), Taiwan Commercial 


(ie) > EMADT 
Jin Shi (in Chinese) ‘by I Pei 
Wen Publishing House, Taipei, 1972. 


Gk > 1968 4, 
i (Soulhiee and Northern Dynasty), Yi 


(ah RG have ) 


(BR) + RSI 
Wu Jing Zong Yao (in Chinese) by Zeng Gong-liang (N 
The Commercial Press, Shanghai, 1935. 
> BA TELIER BE > PAE 


ALHH]BE > BB3C 


» 1972 4E, 
orthern Song Dynasty), 


Ey > 1935 


92 Chapter 3 Ancient Chinese Machines 


31. Wang Ning, “Investigation on the story of si shui qu ding on the stone painting 
of the Hang Dynasty,” National Palace Museum Periodicals, Taipei, Vol. 22, 

No. 9, pp. 112-119, December 2004. 

EEE > "FLEA ° enue ede WK AA WE” > ee acy 

IF GdE> 3 2248 > S948 > 48112-119 B > 200444, 

32. Yan, H.S., Mechanisms a Chinese), 3rd edition, Dong Hua Books, Taipei, 
2006. 

BA eR > TASES! > SAIN RE ey > GIL > 2006. 

33. Hou Han Shu + Du Shi Zhuan (in Chinese) by Fan Ye (Eastern Jin Dynasty), 
Ding Wen Publishing House, Taipei, 1977. 
(RES FR) > YUEDR TBE > AHSCHhMt > IE > 1977 4F. 

34. Huan Zi Xin Lun (in Chinese) by Huan Tan (Han Dynasty), Yi Wen Publish- 
ing House, Taipei, 1967. 
Chora) > FRR] Be > Bc hieek > GAL > 1967 4. 

35. Jin Zhu Hale Zan (in Chinese) by Jin Fu-chang (Jin Dynasty), Yi Wen Pub- 
lishing House, Taipei, 1972. 
(Samo) +» BREESE > Bsceihbark > dE > 1972 4, 

36. Song Shi (History of the Song Dynasty) (in Chinese) by Tuo Tuo (Yuan Dy- 
nasty), Vol. 340, Ding Wen Publishing House, Taipei, 1983. 

CRE) > AGAR DURHIS Be > B= AVY > FASCHARAE > GALE > 1983 

Laces 

37. Yuan Wen Lei (in Chinese), edited by Su Tian-jue (Yuan Dynasty), World 
Books, Taipei, 1962. 

(TUSK) > RRARGD CH] > TE a > IE > 1962 

38. Ming Shi (in Chinese) by Zhang Ting-yu (Qin Dynasty), Jin Xiu Publisher, 
Taipei, 1993. 
CHASE) 3 SRAERDARH]EE > Simaohburk > dE > 1993 4, 

39. Xiao Er Ya (in Chinese) by Kong Fu (Han Dynasty), Yi Wen Publishing 
House, Taipei, 1966. 
C/) ARTE) > FLAN TEER] Be > BeacHihhait > GdE > 1966 +f 

40. Yi-Jing (in Chinese) by unknown author, Archeology Publishing House, 
Taipei, 1985. 
(Ai) > Raa > Sahai > GE > 1985 4, 

41. Shuo Wen (in Chinese) by Xu Shen (Han Dynasty), Yi Wen Publishing House, 
Taipei, 1959. 
GSC) + APTA RRHIBS > Bocithinik > Gdb > 1959. 

42. Tian Shu (in Chinese) by Qin-Guan (Song Dynasty), Yi Wen Publishing 
House, Taipei, 1971. 
(a) > SSBIDRHIES > Bocihinrk > Gb > 1971 =. 

43. Guang Tian Sang Shuo Ji Yao (in Chinese) by Shen Lian (Qin Dynasty), Yi 
Wen Publishing House, Taipei, 1965. 
(RAR Sea ee) > OCiRDTRH]Ee > chek > Gb > 1965 =. 


44, 


45. 


46. 


47. 


48. 


49. 


50. 


References 93 


General Study of Calabash Instruments in the Shang and Zhou Dynasties (in 


Chinese) by Rong Geng, Supplement of Yenching Journal of Chinese 
Vol. 17 &18, Oriental Culture, Taipei, 1973. 

geass ABE Mea > 5 17, 18 it RAT SCk > 
1973 4F, 


Studies, 


db: 


Hou Han Shu (in Chinese) by Fan Ye (Eastern Jin Dynasty), Ding Wen Pub- 


lishing House, Taipei, 1977. 
(Ries) + TOURED REISE > AHOCHhKGE > GIL > 1977 4, 


San Guo Zhi (in Chinese) by Chen Shou (Jing Dynasty), Yee Wen Publisher, 


Taipei, 1958. 
(=BiS) > Beas er ey]Be > eacHihhait > GdE > 1958 4, 


Hui Tu Lu Ban Jing (in Chinese), edited by Wu Rong (Ming Dynasty), Zhu 


Lin Books, Hsinchu, 1995. 
CHT ULAS) > PORHARH Sein > TIM > BVT > 1995 4E, 
Tai Ping Guang Ji (in Chinese), edited by Li Fang (Song Dynasty), 
Commercial Press, Taipei, 1983. 


CKRHESL) 5 EUSA > GIAERBSEIERER + GAL > 1983 48, 


Taiwan 


Jiu Tang Shu (in Chinese) by Liu Xu (Eastern Jin Dynasty), Ding Wen Pub- 


lishing House, Taipei, 1976. 7 
(See) > BIRGER Be > AHSCHL > GIL > 1976 4F. 


Xin Yi Xiang Fa Yao (in Chinese) by Su Song (Northern Song Dynasty), 


Taiwan Commercial Press, Taipei, 1969. 
(Ar BRIAE) > PRLID RIE PRAIA > SMBS 
dk > 1969 4F, 


ger, Zs 
BE? 


This page intentionally blank 


Chapter 4 Reconstruction Design Methodology 


This chapter presents a methodology for the systematic reconstruction of 
design concepts of lost machines. Design specifications of the target sub- 
ject are addressed. Various atlases of generalized kinematic chains are in- 
troduced and provided as the inclusive data banks for the generation of 
feasible specialized chains. The concept of specialization is further pre- 
sented for identifying all possible reconstruction designs. An example re- 
garding the conceptual design of planetary gear trains for infinitely various 
transmissions [1, 2] is adopted simply for the purpose of illustrating each 
step of the design methodology in detail. 


4.1 Introduction 


One of the most difficult tasks in research of lost ancient machines is to 
reconstruct the original designs. 

In past years some reconstruction designs of lost machines in ancient 
China were brought into existence based on literature studies, and with or 
without the help of modern science and technology. However, these de- 
signs were mainly based on personal knowledge and judgment. The proc- 
ess relied on individual experiences, and the results may not be solidly 
functional and proven. So far, no existing method is available to directly 
guide researchers to reinvent lost designs. The purpose of this chapter is to 
present a step-by-step procedure for the systematic reconstruction of all 
possible topological structures of lost machines, subject to design require- 
ments and constraints. This procedure utilizes the idea of creative mecha- 
nism design methodology to converge the divergent conceptions obtained 
from literature studies to a focused scope. Mechanical evolution and the 
variation method are then applied to obtain feasible reconstruction designs 
that meet the science and technology standards of the subject’s time period. 
[2-4] 

This methodology does not attempt to reconstruct the original design 
for a specific lost machine. Its purpose is to systematically generate all 
possible design concepts, that is, the topological structure of mechanisms 
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of the target lost machine. If the defined and/or concluded design specifi- 
cations, topological characteristics, and design requirements and con- 
straints are feasible, one of the resulting reconstruction designs should be 
the original design. Such an approach provides a logical tool for historians 
in ancient machinery to further identify the possible original designs based 
on proven historical archives. 

4.2 Procedure of Reconstruction Design 

A methodology is a set of procedures or design steps for systematically 
solving a defined problem. It includes a body of methods, rules, and/or 


postulates. Figure 4.1 shows the flowchart for the reconstruction design 
methodology of lost machines. It includes the following four steps: 


Historical Archives 
Design Specifications 


Number synthesis 


Generalized Kinematic Chains 


Specialization 


Specialized Chains 


Ancient science and technology 


Reconstruction Designs 


Figure 4.1 Procedure of the reconstruction design methodology 


Topological characteristics 


Design requirements and constraints 
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Step 1. Develop design specifications of the target lost machine based on 
the study of available historical archives, and conclude the topo- 
logical characteristics of the design. 


Step 2. Obtain the atlas of generalized kinematic chains with the required 
numbers of members and joints as specified in the concluded 
topological characteristics of the design in Step 1, based on the 
algorithm of number synthesis [2]. 


Step 3. Assign required types of members and joints to each generalized 
kinematic chain obtained in Step 2, and based on the process of 
specialization, to have the atlas of specialized chains subject to 
design requirements and constraints concluded from the topologi- 
cal characteristics of the design. 


Step 4. Particularize each specialized chain obtained in Step 3 into its 
corresponding schematic format to have the atlas of reconstruc- 
tion designs that meet the science and technology standards of the 
subject’s time period by utilizing the mechanical evolution and 
variation theory to perform a mechanism equivalent transforma- 
tion. 

In what follows, each step of the design methodology is explained in detail. 


4.3 Design Specifications 


The reconstruction of ancient machines requires exhaustive literature study 
to clearly recognize and define the problem in order to develop design 
specifications. It is also important to be familiar with the available science 
and technology of the subject’s time period. Mechanical elements and 
mechanisms of lost ancient machines may be different in different dynasties. 

Specification is a precise written statement describing a machine, such 
as its topological structure, motion type and range, force scale, driving 
power, work capacity, efficiency, and performance. It should be defined in 
the beginning of the design process of any machine. Without a clear state- 
ment of specifications, the design process of the machine cannot be solidly 
carried out. Different machines, or machines with different performance 
functions, have different specifications. Any solution that does not meet 
the specifications is worthless. 

In the early stage of the conceptual phase for the reconstruction design 
of lost machines, only basic specifications regarding topological structures 
of mechanisms are of major concern. Those items relating to the dimen- 
sion and the state of motion (position, velocity, and acceleration) of mem- 
bers and mechanisms can be disregarded at this stage. 
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Based on the developed design specifications or by studying the topo- 
logical characteristics of mechanisms of available existing designs, design 
requirements and constraints should be concluded. Design requirements 
and constraints can be flexible and are varied for different cases and ex- 
pectations. They are normally identified based on technology reality and 
designers’ decisions. Different design requirements and constraints result 
in different atlases of specialized chains. 


[Example 4.1] 
Topological characteristics of planetary gear trains for infinitely variable 
transmissions. 

Planetary gear trains are mechanisms in which at least one member is 
required to rotate about its own axis and at the same time to revolve about 
another axis to provide constant velocity ratios. They are used in various 
transmission systems due to the advantages of being lightweight, compact, 
and having a high gear ratio. One application of planetary gear trains is in 
infinitely variable transmissions. 

In general, an infinitely variable transmission (IVT) consists of a con- 
tinuous variable unit (CVU) and a planetary gear train (PGT) with two de- 
grees of freedom. Since an IVT has the kinematic property of zero velocity 
ratios, it can be used as the power train for exercising machines. Figure 4.2 
shows the schematic drawing of such a design. It consists of an input- 
coupled CVU and a PGT with two degrees of freedom. 


pene wees ca 


Motor 


Figure 4.2 An infinitely variable transmission 
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An important characteristic that governs the performance of infinitely 
variable transmissions is the topological structure of the planetary gear 
train. The simplest planetary gear train with two degrees of freedom has 
five members. Figure 4.3 shows the schematic representation of a five-bar 
planetary mechanism. It has one carrier (member 2, K,.), adjacent to the 
ground link (member 1, Kr) with a revolute joint (joint a, Jp) and to a 
planet gear (member 3, Kg,) with a revolute joint (joint d, Jp), as the output. 
It has one sun gear (member 4, Kgs), adjacent to the ground link with a 
revolute joint (joint b, Jz) and meshing with the planet gear with a gear 
joint (joint e, Jg), as one input (input I). It has one ring gear (member 5, 
Ka,), adjacent to the ground link with a revolute joint (joint c, Jy) and 
meshing with the planet gear with a gear joint (joint f Jg), as another input 
(input II). The topology matrix (Mr) of this mechanism, as defined in 
Chapter 2, is: 
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Figure 4.3 A five-bar planetary gear train (Example 4.1) 


By studying this design, it is concluded that the planetary gear train for 
the infinitely variable transmission has the following topological character- 
istics: 

1. It has five members, consisting of at least one ground link, one carrier, 
one planet gear, one sun gear, and one ring gear. 

2. It has six joints including four revolute joints and two gear joints. 

3. It is a reverted gear train, i.e., the input and output members are coaxial. 

4. The sun gear and the ring gear are the two inputs, and the carrier is the 
output. 
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5. All gears are spur gears. 

6. It has two degrees of freedom. 

Based on Equation (2.1) for mobility analysis, the following expression 
is true for a planetary gear train with two degrees of freedom (F, = 2 ), 
Nz, members, Njg revolute joints, and Njg gear joints: 


2Nir + Nig —3NL+5=0 (4.1) 


It is obvious that the following expression is also true for a planetary gear 
train with N; joints: 


Nor + Nyg — Nj =0 (4.2) 


Furthermore, every link in a geared kinematic chain has at least one revo- 
lute pair. By removing all gear joints from the geared chain, it forms a 
tree-chain, i.e., a connected chain without any loop. Based on the fact that 
a tree-chain with N; links contains N; — 1 joints from graph theory, the 
following expression for a planetary gear train is true [5]: 


Nur —-Ni+1=0 (4.3) 


By solving Equations (4.1)-(4.3) for the numbers of joints (Nj, Nir, 
and Njg) in terms of the number of links (N;), the following relations for 
planetary gear trains with two degrees of freedom are concluded: 


N; = 2NL —4 (4.4) 
Nyp = Ny - 1 (4.5) 
Nic = Ni - 3 (4.6) 


Equations (4.4)—(4.6) indicate that for a planetary gear train with two de- 
grees of freedom and with five members, it always has six joints, consist- 
ing of four revolute joints and two gear joints. 


4.4 Generalized Kinematic Chains 


The second step of the reconstruction design methodology is to obtain the 
atlas of generalized kinematic chains with the required numbers of mem- 
bers and joints as specified in the concluded topological characteristics of 
mechanisms. 

A generalized joint is a joint in general; it can be a revolute joint, pris- 
matic joint, spherical joint, helical joint, or some others [2]. A generalized 
joint with two incident members is called a simple generalized joint, 
whereas a generalized joint with more than two incident members is called 
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a multiple generalized joint. A generalized joint with N;, incident members 
is graphically symbolized by N; — | small concentric circles. Figure 4.4(a) 
and (b) show a generalized joint with two and three incident members, re- 
spectively. In addition, Figure 4.4(a) is a simple generalized joint, and Fig- 
ure 4.4(b) is a multiple generalized joint. 


(a) (b) 


(c) (d) (e) 


Figure 4.4 Graphical representations of generalized joints and links 


A generalized link is a link with generalized joints; it can be a binary 
link, ternary link, quaternary link, etc. Graphically, a generalized link with 
Ny incident joints is symbolized by a shaded N);-sided polygon with small 
circles as vertices. Figure 4.4(c)-(e) show a binary, ternary, and quaternary 
generalized link, respectively. 

A generalized kinematic chain consists of generalized links connected 
by generalized joints. It is connected, closed, without any bridge-link, and 
with simple joints only [2]. An (N,, N;)-generalized kinematic chain refers 
to a generalized kinematic chain with N,-generalized links and N; general- 
ized joints. The topological structure of a generalized kinematic chain is 
characterized by the number and the type of links, the number of joints, 
and the incidences between links and joints; and can be represented by its 
topology matrix, Mz, as defined in Session 2.6. Furthermore, if all joints of 
a generalized kinematic chain are revolute joints, it becomes a kinematic 
chain as defined in Session 2.4. 

The link assortment, A,, of a generalized kinematic chain is the num- 
ber and the type of links in the chain. It is a set of numbers consisting of 
the numbers of binary links (N;2), ternary links (N;3), quaternary links 
(Ni4), etc., and is expressed as: 


At = [Ni/Nt3/N_a/...] 
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Since a generalized kinematic chain must be connected, closed, and 
without any bridge-link, the link assortments of a generalized kinematic 
chain with N, links and N; joints can be obtained by solving the following 
two equations: 


Nip t Ny3 t sete t Nii see Num = Ny (4.7) 
2Ni2 t 3N73 t eee t INqj see MN im = 2N; (4.8) 


where N;; is the number of links with 7 incident joints and m is the maxi- 
mum number of joints incident to a link. Furthermore, the number of joints 
Ny; is constrained by the following expression: 


N, < Ny S$ N,(N,—1)/2 (4.9) 


The maximum value of m, 1.¢€., Mmax, can be derived based on elemen- 
tary concepts of graph theory [6, 7], and is expressed as: 


foe for Nz < N; < 2N;, -—3 (4.10) 
Mmax = 


N, - 1 for 2N, —- 3< N; < N (Ny, — 1)/2 


Based on Equations (4.7)-(4.10), all possible link assortments of gen- 
eralized kinematic chains can be obtained. 


[Example 4.2] 
List link assortments of (5, 6) generalized kinematic chains. 

For (5, 6) generalized kinematic chains, N, = 5, N; = 6, based on Equa- 
tion (4.10), Mmax iS: 


Mmax = Ny—- Np +2 
=6-5+2 
=3 


Therefore, Equations (4.7) and (4.8) become: 
Ni2 + Ni3 =5 
2Ni2 Se 3Ni3 =12 


By solving these two equations, N,2 = 3 and Nj; = 2, 1.e., the corres- 
ponding link assortment is: 


AL =[3/2] 


as shown in Figure 4.5(a). 
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Figure 4.5 Link assortments and atlas of (5, 6) generalized kinematic chains with 
Ax = [3/2] (Example 4.2) 


[Example 4.3] 
List link assortments of (6, 8) generalized kinematic chains. 

For (6, 8) generalized kinematic chains, Ny = 6, N; = 8, based on Equa- 
tion (4.10), Mynax 1S: 


Mmax = Ny — Np + 2 
=8-6+2 
=4 


Therefore, Equations (4.7) and (4.8) become: 
Nyo + Ny3 + Nig = 6 
2Ni2 F 3Ni3 a AN 4 = 16 


By solving these two equations, the following three sets of solutions 
are available: 
1. Np2 = 2, Ny3 = 4, and N,4 = 0, the corresponding link assortment is Ay = 
[2/4/0] as shown in Figure 4.6(a). 
2. Nu2 = 3, Nu3 = 2, and Ny4 = 1, the corresponding link assortment is Ay = 
[3/2/1] as shown in Figure 4.6(b). 
3. Nir = 4, Np3 = 0, and Ny 4 = 2, the corresponding link assortment is Ay = 
[4/0/2] as shown in Figure 4.6(c). 
The atlas of generalized kinematic chains with N, links and N; joints 
can be obtained by assembling link assortments with N; links and N; joints 
subject to the following constraints: 
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(c) 

(d) 
Figure 4.6 Link assortments and partial atlas of (6, 8) generalized kinematic chains 
(Example 4.3) 


1. All links must be used to make the chain connected. 

2. All joints must be used to make the chain closed. 

3. No bridge-link should be formed. 

4. A joint can only have two incident links to make the chain with simple 
joints only. 

5. No link shall be adjacent to another by more than one joint. 

For the link assortment of Ay = [3/2] shown in Figure 4.5(a), two (5, 6) 

generalized chains can be assembled as shown in Figure 4.5(b). For the 

link assortment of A; = [3/2/1] shown in Figure 4.6(b), three (6, 8) gener- 

alized chains can be assembled as shown in Figure 4.6(d). 

The atlas of various (N;, N;) generalized kinematic chains can be syn- 
thesized by assembling the corresponding link assortments. Figures 4.7— 
4.17 show some important atlases of generalized kinematic chains that 
should cover most applications for the reconstruction design of lost ancient 
machines. 
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Figure 4.7 Atlas of (3, 3) generalized kinematic chains 
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Figure 4.8 Atlas of (4, 4) generalized kinematic chains 
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Figure 4.9 Atlas of (4, 5) generalized kinematic chains 
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Figure 4.10 Atlas of (5, 5) generalized kinematic chains 
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Figure 4.11 Atlas of (5, 6) generalized kinematic chains 
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Figure 4.12 Atlas of (5, 7) generalized kinematic chains 
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Figure 4.13 Atlas of (6, 7) generalized kinematic chains 


Figure 4.14 Atlas of (6, 8) generalized kinematic chains 
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Figure 4.15 Atlas of (7, 8) generalized kinematic chains 
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Figure 4.16 Atlas of (7, 9) generalized kinematic chains 
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[Example 4.4] 
Generalized kinematic chains of planetary gear trains for infinitely variable 
transmissions. 

Once the topological characteristics of the planetary gear train for infi- 
nitely variable transmissions as described in Example 4.1 are obtained, the 
next step in the procedure of the reconstruction design methodology is to 
obtain the atlas of generalized kinematic chains with five members and six 
joints. And, there are two (5, 6) generalized kinematic chains as shown in 
Figure 4.11. 

Since the two (5, 6) generalized kinematic chains shown in Figure 4.11 
might have limited room for generating numerous potential design con- 
cepts, planetary gear trains with two degrees of freedom and with six 
instead of five members for infinitely variable transmissions can be con- 
sidered. In such a case, that is, for a planetary gear train with two degrees 
of freedom and six members, based on Equations (4.4)-(4.6), it always has 
eight joints: five revolute joints and three gear joints. There are also nine 
(6, 8) generalized kinematic chains available for the process of specializa- 
tion, as shown in Figure 4.14. 


4.5 Specialized Chains 


The core concept of the reconstruction design methodology is specializa- 
tion. The process of assigning specific types of members and joints in the 
available atlas of generalized kinematic chains, subject to certain design 
requirements and constraints, is called specialization. And, a generalized 
kinematic chain after specialization is called a specialized chain. 


[Example 4.5] 
Specialization of the (3, 3) generalized kinematic chain shown in Figure 
4.18(a). 

Link | is grounded to transform the (3, 3) generalized kinematic chain 
into the corresponding generalized mechanism. If joints a and b are revo- 
lute joints and joint c is a cam joint, as shown in Figure 4.18(b), based on 
Equation (2.1), Nr = 3, Cpr = 2, Nip = 2, Cpa = 1, Nya = 1, the degrees of 
freedom F, of this mechanism is: 


F, = 3(N, = 1) = (NurCpr + NyaCpa) 
= 3)3-]) — [(2)2) + ())] 
=1 


It is a simple cam mechanism, as shown in Figure 3.12. 
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Figure 4.18 Specialization of (3, 3) generalized kinematic chain (Example 4.5) 


If joints a and 6 are revolute joints and joint c is a gear joint, as shown 
in Figure 4.18(c), based on Equation (2.1), Nr = 3, Cpr = 2, Nig = 2, Cog = 1, 
Nic = I, the degrees of freedom F, of this mechanism is: 
F, = 3(Nzi — 1) — (NirCpr + NygCpc) 
= 3)3 - 1) -[22)+ MMI] 
=] 


It is a simple gear mechanism, as shown in Figure 3.15. 

If joints a and c are spherical joints and joint 5 is a cylindrical joint, as 
shown in Figure 4.18(d), based on Equation (2.2), Ny = 3, Css = 3, Nis = 2, 
Cyc = 4, Nic = 1, the degrees of freedom F, of this mechanism is: 


F, = 6(Nz — 1) — (NysCos + NycC sc) 
= (6)(3 — 1) -[2)3) + ()4)] 
=2 


It is specialized into a (3, 3) spatial mechanism, and it is the mechanism of 
the cotton thread rack shown in Figure 3.9. 


[Example 4.6] 
Specialization of the (4, 4) generalized kinematic chain shown in Figure 
4.19(a). 

Link | is grounded to transform the (4, 4) generalized kinematic chain 
into the corresponding generalized mechanism. If all joints are revolute 
joints, as shown in Figure 4.19(b), based on Equation (2.1), Np = 4, Cpr = 2, 
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Njr = 4, the degrees of freedom F, of this mechanism is: 


Fy = 3(Nz — 1) — (NirCpr) 
= (3)(4 - 1) -[2)4)] 
=] 


It is a simple four-bar linkage, and it is the mechanism of jie chi shown in 
Figures 2.1(b) and 3.11. 
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Figure 4.19 Specialization of (4, 4) generalized kinematic chain (Example 4.6) 


If joints a, c, and d are revolute joints, and joint b is a prismatic joint, 
as shown in Figure 4.19(c), based on Equation (2.1), Nr = 3, Cpr = 2, Nor 
3, Cyp = 2, Nyp = 1, the degrees of freedom F, of this mechanism is: 


F, oa 3(N, ca 1) a (NurCpr + NypC,p) 
= (3)3 -D-[@A2)+ M2)] 
=1 


It is a slider crank mechanism, and it is also the mechanism for traditional 
internal combustion engines. 

If joints a and c are revolute joints, joint d is a spherical joint, and joint 
b is a cylindrical joint, as shown in Figure 4.19(d), based on Equation (2.2), 
Nz = 4, Cer = 5, Nin = 2, Cog = 3, Nis = 1, Coc = 4, Nic = 1, the degrees of 
freedom F, of this mechanism is: 


F, = 6(Nz — 1) — (NinCpr + NisCss + NycCsc) 
= (6) (4— 1) - [(2)(5) + GG) + (1)(4)] 
=1 
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It is a spatial four-bar mechanism. 


[Example 4.7] 

Specialized chains of planetary gear trains for infinitely variable transmis- 

sions. 

Based on the concluded topological characteristics of the planetary 
gear trains of infinitely variable transmissions described in Example 4.1, 
design requirements and constraints are concluded as follows: 

Ground link 

1. One of the links in each generalized kinematic chain must be the ground 
link. 

2. A ground link must be a multiple link in order to have two input mem- 
bers and one output member. 

3. Since a planetary transmission is a reverted gear train, a ground link 
must not be included in a three-bar loop. 

Planet gear 

1. There must be at least one planet gear. 

2. Any link that is not adjacent to the ground link is a planet gear. 

3. A planet gear that is not adjacent to another planet gear must not be in- 
cluded in a three-bar loop. 

4. A planet gear must be a multiple link including at least one gear joint 
and one revolute joint incident to the carrier, in order to avoid degenera- 
tion. 

Carrier 

1. There must be a carrier corresponding to each planet gear. 

2. A carrier must be adjacent to both the planet gear and the ground link. 

3. Two or more planet gears in series must share a common carrier, in 
order to maintain the center distance between them. 

Sun gear 

1. There must be at least one sun gear. 

2. Any link that is adjacent to the ground link and that is not a carrier is a 
sun gear. 

Revolute joint 

1. There must be N; — 1 revolute joints. 

2. Every link must have at least one revolute joint. 

3. Any joint incident to the ground link must be a revolute joint. 

4. The common incident joint of a planet gear and a carrier must be a revo- 

lute joint. 

. A planet gear can have only one revolute joint. 

6. There can be no loop formed exclusively by revolute joints. 


Nn 
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Gear joint 

1. There must be N; — 3 gear joints. 

2. Any joint incident to both a planet gear and a sun gear must be a gear 
joint. 

3. There can be no three-bar loop formed exclusively by gear joints. 

The next step in the procedure of the reconstruction design methodology, 

as described in the following substeps, is to identify the corresponding 

specialized chains from the available atlas of generalized kinematic chains, 

subject to the concluded design requirements and constraints: 

1. For each generalized kinematic chain, identify the ground link for all 
possible cases. 

2. For each case obtained in substep 1, identify the planet gear(s). 

3. For each case obtained in substep 2, identify the corresponding carrier(s) 
for all possible cases. 

4. For each case obtained in substep 3, identify the sun gear(s). 

5. For each case obtained in substep 4, identify the gear joints. 

6. For each case obtained in substep 5, identify the revolute joints. 

In what follows, the specialization for planetary gear trains with five and 

six members is carried out. 


I. Planetary gear trains with five members 

For the two (5, 6) generalized kinematic chains shown in Figure 4.11, only 

the one shown in Figure 4.11(a) is qualified to have a ground link, due to 

the constraints that a ground link should be a multiple link and should not 

be included in a three-bar loop. Its corresponding specialized planetary 

gear train can be identified as follows: 

1. Since ternary links 1 and 3 are symmetric, only one of them is taken as 
the ground link. 

2. If ternary link 1 is taken as the ground link, joints a, b, and c are revo- 
lute joints and ternary link 3 is the planet gear. 

3. Since binary links 2, 4, and 5 are symmetric and adjacent to the planet 
gear, only one of them is taken as the carrier. 

4. If binary link 2 is taken as the carrier, joint d is a revolute joint and 
binary links 4 and 5 are the sun gears. 

5. Since there must be four revolute joints and two gear joints, the remain- 
ing two joints e and fare gear joints. 

Therefore, only one specialized five-bar planetary gear train is available, 

as shown in Figure 4.20. 

II. Planetary gear trains with six members 

For the nine (6, 8) generalized kinematic chains shown in Figure 4.14, spe- 

cialized chains are identified as follows: 


114 Chapter 4 Reconstruction Design Methodology 


f J) d (Jp) 


Figure 4.20 Specialized five-bar planetary gear train (Example 4.7) 


Ground link 

Since a ground link must be a multiple link that is not included in a three- 
bar loop in the chain, only generalized chains shown in Figure 4.14(a), (c), 
(e), and (h) are qualified to have the ground link. The ground link can be 
identified as follows: 


1 


. For the generalized chain shown in Figure 4.14(a), since ternary links 1,, 


2,4, 3a, and 4, are symmetrical, any one of them can be taken as the 
ground link. Figure 4.21(a) shows its corresponding specialized mecha- 
nism with link 1, as the ground link. In this case, joints a, b, and c are 
revolute joints. 


. For the generalized chain shown in Figure 4.14(c), only ternary link 1, 


can be taken as the ground link. Figure 4.21(b) shows its corresponding 
specialized mechanism. In this case, joints a, b, and c are revolute joints. 


. For the generalized chain shown in Figure 4.14(e), only ternary link 1, 


can be taken as the ground link. Figure 4.21(c) shows its corresponding 
specialized mechanism. In this case, joints a, b, and c are revolute joints. 


. For the generalized chain shown in Figure 4.14(h), since quaternary link 


1g or 2g are symmetric, either one is taken as the ground link. Figure 
4.21(d) shows its corresponding specialized mechanism with link 14 as 
the ground link. In this case, joints a, b, c, and d are revolute joints. 


Therefore, four specialized chains with one identified ground link are 
available as shown in Figure 4.21(a)-(d). 

Planet gear 

Based on the four specialized mechanisms with the ground link identified 
shown in Figure 4.21(a)—-(d), planet gears can be identified as follows: 


1. 


For the one shown in Figure 4.21(a), since link 2 is not a multiple link, 
this case is irrelevant. 
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Figure 4.21 Specialized six-bar planetary gear trains (Example 4.7) 


2. For the one shown in Figure 4.21(b), since ternary links 2 and 3 are not 
adjacent to the ground link and are multiple links, they are planet gears. 

3. For the one shown in Figure 4.21(c), since link 2 is not a multiple link, 
this case is irrelevant. 

4. For the one shown in Figure 4.21(d), since quaternary link 2 is not adja- 
cent to the ground and is a multiple link, it is a planet gear. 

Carrier 

Since there must be a carrier corresponding to each planet gear and two 

planet gears in series must share a common carrier, carriers can be identi- 

fied from the two specialized chains shown in Figure 4.21(b) and (d) as 

follows: 

1. For the one shown in Figure 4.21(b), ternary link 4 is the common car- 
rier to planet gears 2 and 3, and joints d and e are revolute joints. 

2. For the one shown in Figure 4.21(d), binary link 3 is the carrier to planet 
gear 2, and joint e is a revolute joint. 
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Sun gear 
Since any link that is adjacent to the ground link and that is not a carrier is 
a sun gear, sun gears can be identified from the two specialized chains 
shown in Figure 4.21(b) and (d) as follows: 
1. For the one shown in Figure 4.21(b), binary links 5 and 6 are sun gears. 
2. For the one shown in Figure 4.21(d), binary links 4-6 are sun gears. 
Revolute joint 
Since there must be five revolute joints in each design, all revolute joints 
for the two specialized chains shown in Figure 4.21(b) and (d) are already 
identified. 
Gear joint 
Since there must be three gear joints in each design, the remaining three 
unassigned joints f, g, and / in the two specialized chains shown in Figure 
4.21(b) and (d) are gear joints. 

In conclusion, two specialized chains are synthesized, as shown in 
Figure 4.21(b) and (d), thereby satisfying the concluded design require- 
ments and constraints. 


4.6 Reconstruction Designs 


Once a specialized chain is obtained, it is particularized into its correspond- 
ing design in a schematic format according to the motion and function re- 
quirements of ancient machines. In this step, the mechanical evolution and 
variation theory are utilized to perform a mechanism equivalent transform of 
the atlas of designs. 


[Example 4.8] 
Design concepts of planetary gear trains for infinitely variable transmis- 
sions. 

Here, each feasible specialized chain of the planetary gear trains of in- 
finitely variable transmissions obtained in Example 4.7 is particularized to 
obtain the corresponding schematic diagram of the planetary gear trains. 

During the process of particularization, the two gears adjacent to a gear 
joint can be external or internal. By enumerating all possible variations of 
external and internal gears, numerous planetary gear trains can be obtained. 
For practical applications, it is very unlikely that a planet gear is in an in- 
ternal form. With this additional constraint, Figure 4.22 shows the atlas of 
five-bar planetary gear trains for the specialized planetary gear train shown 
in Figure 4.22, and Figure 4.23 shows the atlas of six-bar planetary gear 
trains for the two feasible specialized planetary gear trains shown in Figure 
4.21(b) and (d). 
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Figure 4.22 Atlas of five-bar planetary gear trains for infinitely variable transmis- 
sions (Example 4.8) 


Figure 4.23 Atlas of six-bar planetary gear trains for infinitely variable transmis- 
sions (Example 4.8) 


The purpose of applying ancient science theories and technologies is to 
identify appropriate and feasible mechanisms that can be considered as 


118 Chapter 4 Reconstruction Design Methodology 


reconstruction designs. This will be addressed in detail in Chapters 5—8 for 
various cases for the reconstruction design of Zhang Heng’s (‘fe f#J) seis- 


moscope, Su Song’s (4H) escapement regulator, south-pointing chariots, 
and Lu Ban’s (4$/£) walking machines. 
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Chapter 5 Zhang Heng’s Seismoscope 


In AD 132, Zhang Heng (4/#s) of the Eastern Han Dynasty invented the 
earliest seismoscope, named Hou Feng Di Dong Yi ((/i\Hbi(#). This 
device was recorded in literature, but lacked surviving hardware. However, 
several of its reconstructed designs existed in the past century. 

This chapter systematically reconstructs all feasible design concepts of 
Zhang Heng’s seismoscope that meet the scientific and technological stan- 
dards of its time period. The development of ancient seismometers and 
western seismoscopes is introduced first. Then, historical records of Zhang 
Heng’s seismoscope are studied and design specifications for the recon- 
struction design are concluded. Finally, three examples based on different 
design requirements and constraints are illustrated [1, 2]. 


5.1 Ancient Seismometers 


An instrument that produces a chronologic record of ground motion during 
an earthquake is called a seismograph. 

Seismic waves are generated by earthquakes. When an earthquake 
occurs, seismic waves spread out and travel in specific directions, much 
like waves in a pond spreading out from the point where a stone is tossed 
into the water. Seismographs record ground motion that results from seis- 
mic waves. The resulting seismograms provide information about the 
earthquake process itself and about the earth materials through which the 
seismic waves pass [3—5]. In general, a seismograph consists of three basic 
components: a seismometer, a timing system, and a recording system. The 
greatest challenge in the development of a seismograph was in designing a 
seismometer that could achieve the goal of sensing ground motion but not 
move with the ground. Standard practice in earthquake observatories nor- 
mally use two horizontal seismometers, one oriented north-south and the 
other east-west, as well as a vertical seismometer. There were four types 
of sensing element designs in ancient horizontal seismometers, such as the 
common, Milne, Wiechert, and Galitzin pendulums, as shown in Figure 
5.1 [1]. 
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(c) Wiechert (d) Galitzin 
Figure 5.1 Types of sensing element of ancient horizontal seismometers [1] 


A common pendulum has a number of desirable characteristics as a 
potential seismometer. Two design principles make this a workable seis- 
mometer. First, the common pendulum is largely isolated from the ground 
motion by its suspension design. Second, the mass of the pendulum has 
inertia, and tends to remain at rest. These two basic principles were util- 
ized in the design of early seismometers. However, the relative motion 
caused by a distant earthquake would be very small, and various modifica- 
tions have been made to increase its sensitivity. Earlier experiments were 
made with longer pendulums, but later it was realized that more convenient 
methods of overcoming the difficulty of sensitivity are using horizontal- 
pendulums and extra mass. The basic principle of the horizontal pendulum is 
similar to a swinging gate of a fence. If the gate post is tiled off vertical, the 
gate describes an arc that not only has a horizontal component of move- 
ment, but also a vertical one. This arc has a very slight curvature, suggest- 
ing that it is equivalent to a vertical suspension pendulum with a very long 
rod length, and thus a very long period. The long period of a vertical sus- 
pension pendulum can be achieved with a horizontal suspension design. 


5.1 Ancient Seismometers 121 


The extra mass is to maintain pendulum stability and to return pendulum to 
its original position after being displaced. When the support follows earth 
movement, the seismic waves set up a relative movement between the 
frame and the pendulum. A horizontal pendulum is shown in Figure 5.1(b); 
it is suspended by a single wire to the arm carrying the extra mass, and the 
end of this arm nearer the axis has a pivot bearing. An inverted pendulum 
is shown in Figure 5.1(c). The extra mass carried by an upright rod is 
hinged to the base through two flat springs at right angles to each other, 
and is free to move in any horizontal direction. The instability of this ar- 
rangement can be overcome by connecting the extra mass to the frame by 
small springs. In the Galitzin type, Figure 5.1(d), the rod carrying the extra 
mass is supported from the frame by two wires. The wires are arranged 
such that both are pulled taut by the extra mass. 

During the 19th century, many attempts were made to design an 
instrument for measuring the vertical movement of the ground. In some of 
these the mass was carried at the end of a strong horizontal spring projecting 
from a wall, in some it was suspended from a coiled spring, and in others it 
floated on a vessel of liquid. None of these instruments were satisfactory on 
account of the difficulty in obtaining a sufficiently long free period. As 
shown in Figure 5.2 [1], the problem was solved in AD 1880 by Thomas 
Gray who constructed an instrument in which the extra mass was fixed to 
one end of a lever with the spring attached between the fulcrum and the ex- 
tra mass. To increase the stability of the instrument, Gray attached to the 
outer end of the bar a hermetically sealed tube containing mercury, which 
when the bar was depressed, ran outwards and increased the load in such a 
manner as to compensate for the decreased leverage. The combined use of 
horizontal and vertical seismometers resulted in a complete picture of 
ground motion directions. 


Cc 
Fulcrum 


Figure 5.2 Sensing element of Gray’s vertical seismometer [1] 
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One negative characteristic of a pendulum system used as an earth- 
quake sensor is resonance. For a seismometer, the wildly swinging pendu- 
lum means that only the resonant vibration of the system itself is recorded, 
rather than the true motion of the ground. To eliminate the resonance, it is 
possible to control the pendulum swing through a process called damping. 
Early seismometers had a paddle fastened to the pendulum. The paddle 
was immersed in a container of a viscous fluid so that when the pendulum 
moved, the drag of the paddle through the fluid would mechanically damp 
the system, thereby eliminating wild swinging of the pendulum. 


5.2 Development of Western Seismoscopes 


Early earthquake instruments called seismoscopes were primarily intended 
to indicate that an earthquake had happened. 

A seismoscope designed by J. de la Haute Feuille in AD 1703 contained 
a central reservoir from which mercury would spill into cups around the 
periphery if the ground moved [6], Figure 5.3. Andrea Bina in AD 1751 
proposed a common or clock-type pendulum which was suspended over a 
tray of sand so that the pendulum bob could trace a record of ground mo- 
tion in the sand [7], Figure 5.4. A more accurate seismoscope was built in 
AD 1855 by Luigi Palmieri in Italy. An electrical circuit was closed when 
the mercury moved, stopping a clock to indicate the time of the earthquake. 
A pencil pressed on a rotating drum whenever the electrical circuit was 
complete, providing a measure of the duration of the shaking, Figure 5.5 
[8]. 

The first seismograph was built by Filippo Cecchi in Italy in AD 1875 
[6]. Cecchi’s seismograph used two common pendulums to measure hori- 
zontal motions, one swinging north-south and the other east-west, an 
orientation still almost always used today. The pendulum motions were 
magnified three times before being recorded by a rope-and-pulley mecha- 
nism, Figure 5.6. Cecchi also recorded the vertical component of motion 
by using a mass suspended by a spiral spring. In addition, he arranged a 
seismoscope to start a clock and start into motion the recording surface at 
the time of an earthquake. The magnification of Cecchi’s seismograph was 
too small to record any but the strongest shakes. However, the three essen- 
tial features of all useful seismographs were incorporated into this instru- 
ment. It produced a seismogram whose trace deflection was proportional to 
the amplitude of ground motion. The motions were amplified so that small 
movements could be studied, and the exact time of the event could be 
recorded. 
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Figure 5.3 J. de la Haute Feuille’s seismoscope [6] 


Figure 5.5 Luigi Palmieri’s seismoscope [8] 
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Figure 5.6 Filippo Cecchi’s seismograph [6] 


The most significant person in developing a practical seismograph was 
John Milne. In AD 1876, he joined the faculty of the Imperial College 
of Engineering in Tokyo. There, in association with Thomas Gray and J. 
Alfred Ewing, they experimented with a variety of pendulum instruments 
for recording ground motions. The British in Japan made many observa- 
tions with their instruments and were credited with first demonstrating the 
value of seismographic devices to seismology. John Milne in AD 1894 used 
the horizontal pendulum as a sensing link, Figure 5.7 [9]. Instead of having 
light reflected onto photographic paper with a mirror fastened to the pen- 
dulum, Milne had light shine onto the paper through the intersection of two 
mutually perpendicular slits. One of the slits was fastened to the pier. The 
other slit was fastened to the pendulum and moved with the pendulum, 
thus causing the spot of light to move on the paper. Emil Wiechert used the 
inverted pendulum with a viscous damping as a sensing link in AD 1898 
[9]. This was an important advance in seismograph design because the ac- 
curacy of the seismograph was greatly improved by the viscous damping. 
Moreover, because with a pendulum weight of over a ton, Wiechert’s in- 
strument had a large inertia mass and was affected very little by the fric- 
tion of the stylus on the recording paper. Furthermore, the pendulum was 
connected to two thrust arms set at right angles with each thrust arm con- 
nected to a lever which carried a stylus for recording, Figure 5.8. Therefore, 
Wiechert’s seismograph recorded a wide spectrum of seismic signals, 
accurately reproducing ground motions. 
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Figure 5.7 John Milne’s seismograph [9] 


Figure 5.8 Emil Wiechert’s seismograph [9] 


In AD 1906 Boris Galitzin introduced a new method based on the princi- 
ple that when a coil of wire moves across a magnetic field, electric currents 
were set up in the wire [10]. Several coils, joined in series and connected to 
a sensitive galvanometer, were carried by the pendulum and moved be- 
tween the poles of strong magnets. As the pendulum moved the current 
flowing through the galvanometer was proportional to the angular velocity 
of the pendulum. The deflections of the galvanometer mirror were re- 
corded photographically, Figure 5.9. 
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Figure 5.9 Boris Galitzin’s seismograph [10] 


Application of the electromagnetic principle remains the basis for most 
modern seismograph systems. An important addition to this is the devel- 
opment of digital recording in recent years. Digital recording is achieved 
by converting voltages into discrete numbers that represent motion by 
periodically sampling and recording ground motions as numbers. This can 
be done automatically and has the advantage of having the data in a much 
more useful format. 

Different methods have been used to record earthquake ground motion, 
such as mechanical, direct optical, and galvanometric registrations. The 
pendulum of a seismograph which records mechanically is connected by 
levers or by a long arm to a scribing point which rests on a smoked sheet 
of paper. The mechanical registration has one great advantage, in that the 
records are visible while the seismograph is in operation. However, there is 
an uncertain amount of friction at the pivots of the magnifying levers, and 
between the scriber and the sheet. Thus, the primary drawback of mecha- 
nical registration is its lack of sensitivity. In direct optical registration, a 
beam of light is reflected from a mirror that is usually connected to the 
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pendulum, and focused on a moving sheet of photographic paper. The light 
beam serves as a long weightless pointer, thereby producing no friction on 
the paper surface or at pivots in the magnifying levers. Therefore, the mo- 
ment of inertia of the moving system is less than devices with mechanical 
elements. Nevertheless, the higher cost of the photographic paper was a 
disadvantage in the late 19th century. However, the advantages of the gal- 
vanometric registration are that the instrument is not affected by tilting, it 
gives a very high magnification, it achieves a great sensitivity, and it is 
possible to have the pendulum system and the recording device in different 
rooms. With the application of galvanometric registration, it is possible to 
detect the worldwide earthquakes occurring each year. 


5.3 Zhang Heng the Man 


Zhang Heng (4ief#7) (AD 78-139) was an extraordinary polymath in the 
Eastern Han Dynasty (AD 25-220) [11]. He was not only a royal astrono- 
mer but also a distinguished cartographer, mathematician, poet, painter, 
and inventor. He designed and built many efficient and effective instru- 
ments of which his seismoscope was the most famous. 

Zhang Heng was born in the 3rd year (AD 78) of the reign of Emperor 
Zhang of the Eastern Han Dynasty in ancient China in county Xi-E of 
Nanyang. He died at the age of 62 during the 4th year (AD 139) of the 
reign of Emperor Shun of the Eastern Han Dynasty in capital city Luoyang. 

Between 17 and 23 years old (AD 94-100), Zhang Heng studied in 
Changan, the capital city of the Western Han Dynasty (206 BC—AD 8), and 
Luoyang. At age of 23 (AD 100), he accepted the invitation of the governor 
of city Nanyang, Bao De (fifu/#), as a clerk to manage official documents 
in his hometown and to assist Bao De in government affairs. 

Between 31 and 34 years old (AD 108-111), Zhang Heng stayed in his 
hometown and studied hard. He specialized in Tai Xuan Jing (AK) 
(The Book of the Supreme Mystery) by Yang Xiong (*@/#£), which was a 
philosophical work on cosmic phenomena that discussed astronomy, cal- 
endar calculation, and spherical heaven theory. 

Zhang Heng was called to the capital city to serve as a palace attendant 
when he was 34 (AD 111). He became assistant minister at 37 (AD 114). At 
38 (AD 115), he became a grand scribe responsible for observing astro- 
nomical phenomena, preparing calendars, and managing time devices. At 
40 (AD 117), Zhang Heng constructed the armillary sphere. At age 41 he 
published Ling Xian « #5) , which was a summary of astronomical 
theories during his time. The book contained discussions on the evolution 
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of heaven and earth, the cosmos, and the theory of planetary movements. It 
also contained accurate data on star observations and scientific explana- 
tions of the lunar eclipse. At age 42 (AD 119), he wrote the book Suan 
Wang Lun (4%) , a collection of works on the general theory of 
mathematics. Unfortunately, the book was lost over the passage of time. 
Zhang Heng also used asymptotic fractions and calculated the ratio of a 
circle’s circumference to its diameter (7) to be the square root of 10, the 
value of which was between 3.1466 and 3.1622. At age 44 (AD 121), he 
was made prefect of official carriages, responsible for protecting the impe- 
rial palace, transmitting written reports to the emperor, collecting tributes 
from officials and the public, and receiving envoys to the capital city. 
Later, he designed and constructed the south- pointing chariot and 
hodometer. At age 49 (AD 126), Zhang Heng again became a grand scribe 
and wrote the article Ying Jian (/f£f4]) in response to the indifference of 
the ruling class and the ridicule of the traditionally influential. At age 55 
(AD 132), Zhan Heng invented the Di Dong Yi (SH#}{#g), a device for de- 
tecting the source of earthquakes. At age 56 (AD 133), he became a palace 
attendant who served as a consultant and adviser to the emperor. At age 59 
(AD 136), he became a governor administering river channels, and a minis- 
ter at age 61 (AD 138). He died at the age of 62 (AD 139) while serving as a 
minister. 

Zhang Heng was accomplished in writing poems, rhapsodies, 
literatures, inscriptions, introductions, imperial mandates, eulogies, and 
calligraphy, as well as figurine sculpture. His poems such as Lyric Poems 
on Four Sorrows or Si Chou Shi (PUR), Tong Sheng Ge (\A)##ax), Ge 
(Hx), and Yuan Pian (42m), and rhapsodies such as Wen Quan Fu (7,58 
Hit), Rhapsody of the Two Metropolis or Liang Jung Fu (— #¢ fil), 
Southern Capital Rhapsody or Nan Du Fu (f¥ #5 ft), Rhapsody on 
Contemplating the Mystery or Si Xuan Fu (/& & Hil), Rhapsody on 
Returning to the Fields or Gui Tian Fu (# Het), Du Lou Fu (fy qth), 
Zhong Fu (RH), Wu Fu (#450), Yu Lie Fu (474488), Ding Qing Fu (2 
terHal), and Hong Fu (¥S#it), have unique places and values in the history 
of Chinese literature. Zhang Heng was also one of the twelve famous 
painters of the Han Dynasty (206 BC-AD 220). Furthermore, Zhang Heng 
could also draw maps. Not only could he draw the locations of major 
mountains and rivers all over China, but he was also able to show the 
geographical features and customs of the areas. 

Zhang Heng had many astonishing achievements in wooden machines. 
More reliable records of his works include the seismoscope, armillary 
sphere (j#i XX {¥g), mechanical calendar (Fie), and wooden flying 
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device (Fay7N FRA). He was referred to as the “sage of woodcrafts” together 
with Ma Jun (43 $4) of the period of the Three Kingdoms (AD 220-280). 
Zhang Heng was an extremely knowledgeable and learned man. Not 
only was he a great inventor, engineer and scientist, but also a prolific 
scholar and artist. He can be referred to as the da Vinci of ancient China. 


5.4 Historical Records 


China has always been plagued by earthquakes. Dynastic histories detailed 
numerous earthquakes over the centuries. Ancient Chinese emperors were 
deeply concerned about major earthquakes, since they frequently sparked 
social unrest in the form of food riots or even rebellions. To maintain 
control, the government needed to send both food and troops to the 
suffering region as quickly as possible. Some form of advance warning 
would therefore have been of great value. 

Researches in the relevant literature show that the earliest seismoscope 
named Hou Feng Di Dong Yi ({f/#\H48)(g8) was invented by Zhang Heng 
in the Eastern Han Dynasty (AD 25—220). This instrument was designed to 
indicate not only the occurrence of an earthquake but also the direction to 
its source. In the year AD 132, Zhang Heng presented this remarkable de- 
vice to the Chinese court in the capital Louyang. And in the year AD 138, 
this device detected an earthquake in Longxi, 400 li, northwest of the capi- 
tal. The historic records in the Biography of Zhang Heng in the History of 
the Later Han Dynasty (7@%23§ - sk (#y(2f) [12] are the most complete 
ones about Zhang Heng’s seismoscope, such as the following description 
(Figure 5.10): “During the first year of the Yang Chia period (132 AD), 
Zhang Heng constructed the Hou Feng Di Dong Yi. The instrument was 
cast with bronze. The outer appearance of it was like a jar with a diameter 
around eight chi The cover was protruded and it looked like a wine vessel. 
There were decorations of inscriptions and animals on it. There was a du 
zhu (a pillar) in the center of the interior and eight transmitting rods near 
the pillar. There were eight dragons attached to the outside of the vessel, 
facing in the principal directions of the compass. Below each dragon rested 
a toad with its mouth open toward the dragon. Each dragon’s mouth con- 
tained a bronze ball. The intricate mechanism used was hidden inside the 
device. When the ground moved, the ball located favorably to the direction 
of ground movement would drop out of the dragon’s mouth and fall into 
the mouth of a bronze toad waiting below. The clang would signify that 
there had been an earthquake. The direction faced by the dragon that had 
dropped the ball would be the direction from which the shaking came. And 
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each earthquake only made one ball drop. The device worked accurately. 
The record showed that one time, the dragon spilled a ball but no earth- 
quake was felt. Scholars in the city thought it was odd. Several days later, 
news came that an earthquake had indeed occurred in area Longxi. People 
then realized its ingenuity. From then on, the historian was ordered to re- 
cord the direction of the quake origins using the device.” © 334707F(PHIT 
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Figure 5.10 Description of Zhang Heng’s seismoscope in the History of the Later 
Han Dynasty ((27=7 GRATE) [12] 


However, the records that have passed down through history give a 
detailed account only of the outside of the instrument, Figure 5.11 [13]. 
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Figure 5.11 External appearance of Zhang Heng’s seismoscope [13] 


5.5 Central Pillar (Du Zhu) 


Ancient sources give few practical details regarding the mechanism inside 
Zhang Heng’s seismoscope, except for noting that inside there was a 
central pillar named du zhu ( #5 #£ ) which was capable of lateral displace- 
ment along tracks in eight directions, and so arranged that it would operate 
a closing and opening mechanism. 

The development of ancient seismometers used an inertial system. The 
value of various types of pendulums for earthquake sensing instruments 
was realized early. Andrea Bina, in AD 1751, was the first to build an 
instrument for recording the relative displacement of the ground and a 
pendulum bob in an earthquake. A successful seismograph of low sensi- 
tivity was invented by Filippo Cecchi in AD 1875. Nevertheless, British 
scientists working in Japan in the 1880s developed the seismograph 
as a practical research instrument. The accuracy of the seismograph was 
greatly improved in 1898 when Emil Wiechert introduced a very large 
pendulum with a viscous damping. Therefore, through the research of 
seismologists, it is believed that the principle of Zhang Heng’s 
seismoscope and modern seismographs are based on the principle of 
inettia. 

In past years, some scholars tried to reconstruct Zhang Heng’s seismo- 
scope [13-18] but failed to achieve the high accuracy and sensitivity de- 
scribed in historical records. In 1936, Wang Zhen-duo (-E-4e$) presented 


a reconstruction design of Zhang Heng’s seismoscope [13]. In this design 
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(Figure 5.12), du zhu is a suspended pendulum that functions as a sensor. 
Once a seismic wave perturbs the pendulum, the pendulum will trigger the 
nearby lever mechanism to let go the ball in the corresponding dragon’s 
mouth. In 1963, he presented another reconstruction design of Zhang 
Heng’s seismoscope [16]. In this second design (Figure 5.13), du zhu is an 
inverted pendulum that functions as the sensor. 


Figure 5.12 First reconstruction design of Zhang Heng’s seismoscope by Wang 
Zhen-duo [13] 


Figure 5.13 Second reconstruction design of Zhang Heng’s seismoscope by Wang 
Zhen-duo [16] 


In 1939, Akitsune Imamura built a reconstruction design of Zhang 
Heng’s seismoscope in the Seismological Observatory of Tokyo Univer- 
sity [15]. In this design, the diagram follows the slightly modified version 
by British historian of science, Robert Temple, and worked as follows: “A 
shock wave from the earth tremor tilted the pendulum so that the spike at 
the top would swing into one of eight surrounding slots. These contained 
sliders, the ends of which led into the dragons’ mouths. When the spike 
swung into one of the slots, it would dislodge the slider, which in turn 
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would eject a ball from the dragon’s mouth.” Trials on an actual model 
built by Akitsune showed that the device is indeed effective, though in 
some circumstances the direction of an earthquake’s epicenter was found 
to be at right angles to the dropped ball. In 2006, Feng Rui (75%) reported 
a reconstruction design of Zhang Heng’s seismoscope [18]. In this design 
(Figure 5.14), du zhu is also a suspended pendulum that functions as the 
sensor. 


Figure 5.14 Reconstruction design of Zhang Heng’s seismoscope by Feng Rui 
et al. [18] 


It is now generally agreed that the central pillar (du zhu), the key to the 
device, must have been an inverted pendulum with a weighted bob at the 
top, ending in a spike that can slide along any one of the eight different 
channels cut in the surrounding plates. As it enters a channel, it pushes the 
slider within that channel farther into the dragon’s throat, ejecting the ball 
from the dragon’s jaws. 


5.6 Design Specifications 


The reconstruction of Zhang Heng’s seismoscope requires exhaustive 
literature study to define the problem. Familiarity with science theories and 
technologies of the subject’s time period is also important. Based on 
literature and seismology study, design specifications of Zhang Heng’s 
seismoscope were concluded through the following process: study of 
historical archives, investigation of seismology, and analysis of ancient 
western seismographs, Figure 5.15 [2]. 
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Figure 5.15 Historical developments and design specifications of Zhang Heng’s 
seismoscope 
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Study of historical archives 

There are three components in the study of historical archives relating to 
seismology: the Biography of Zhang Heng in the History of the Later Han 
Dynasty, the history of ancient Chinese machines, and existing 
reconstruction designs. 

The Biography of Zhang Heng in the History of the Later Han Dynasty 
[12] is the most important document on Zhang Heng’s seismoscope. The 
records clearly describe that “there is one pillar (du zhu) in the center of 
interior and eight transmitting rods near the pillar.” This is the first design 
specification. 

The transmitting rod is a channel through which to transport some 
object. However, no detailed descriptions about the transmitting rod can be 
found in historical records. Based on the study regarding the development 
of ancient seismometers, “a basic concept that a switch ball located on the 
top of the pillar is adapted; and, when an earthquake occurs, the switch ball 
can move on the transmitting rod.” This is the second design specification. 

The study of the history of ancient Chinese machines indicated that the 
developments of levers and linkage mechanisms were very mature and full 
of various applications, especially in agriculture, military, and textile tech- 
nology, as presented in Section 3.3. The assembly of a linkage mechanism 
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in ancient China involved the use of revolute joints and prismatic joints. 
The most elaborate use of linkages in ancient China was in textile ma- 
chines, in which levers and links were united with treadles to form compli- 
cated linkage mechanisms. This understanding of linkage was put to good 
use in the making of crossbow triggers on military technology. These 
mechanisms, which involved intricate bent levers and catches, were beauti- 
ful, with delicate bronze castings. Available literature shows that the oldest 
and simplest linkage mechanism that lightened the human labor of dipping, 
carrying, and emptying buckets was named jie gao, a lever mechanism. 
This design was familiar before the Qin Dynasty (221-207 BC) in ancient 
China, and it has been continuously used until the present day. It uses a 
lever involving rotary motion. A lever arm is supported near its center, 
weighted with a stone at one end, and loaded by a bucket at the other end, 
Figure 5.16(a) [19]. The corresponding lever mechanism, the jie gao, con- 
sists of a connecting rod and a lever arm, Figure 5.16(b). The joint incident 
to the lever arm and the ground link is a pin-in-slot joint. The lever arm 
can slide and rotate around the ground link. 

Through the investigation of existing reconstruction designs, the 
development of the reconstruction of Zhang Heng’s seismoscope can be 
understood. Although the existing reconstruction designs are not so sensi- 
tive and accurate, they are useful for understanding the design principle and 
outer appearance of Zhang Heng’s seismoscope. 


Investigation of seismology 

Seismology includes a lot of subjects. Two topics, seismic waves and 
fault-plane solution, directly influence the design requirements of Zhang 
Heng’s seismoscope [3—5, 8]. Seismic waves are generated by earthquakes. 
When an earthquake occurs, seismic waves spread out and travel in 
specific directions, much like the waves in a pond spreading out from the 
point where a stone was tossed into the water. There are three kinds of 
seismic waves, namely P-waves, S-waves, and Surface waves. P-waves are 
the first-arriving waves from an earthquake. They force the materials in 
their paths to compress and expand in the direction of wave travel. The 
direction of P-waves travel is the same as the direction of the earthquake. 
S-waves are the second-arriving wave from an earthquake. They force 
particles of materials in their path to move from side-to-side, perpendicular 
to the wave path. Surface waves are the last-arriving waves that travel 
along the Earth’s surface. An important aspect of the design requirements 
of Zhang Heng’s seismoscope is the first arrival of P-waves. The motion of 
the ground from the initial P-waves’ arrival is known as the first motion. If 
Zhang Heng’s seismoscope can detect the direction of the first motion, the 
direction of the earthquake can be detected by the instrument. 
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Figure 5.16 Structure of jie gao (a lever mechanism) [2] 


Although ground shaking can occur from many causes (such as volca- 
nic eruptions), clearly the majority of earthquakes are related to move- 
ment along faults. A fault is a shear fracture causing the rock on one 
or both sides of the fracture surface to slip along it. There are three basic 
types of faults, namely normal, reverse, and strike-slip fault. Fault-plane 
solution is a stereographic plot of earthquake-wave first motions that defines 
the orientation of the fault plane involved, as well as the type of faulting. 
According to fault-plane solution, the first motion can be either compressing 
or expanding ground motion. Therefore, “Zhang Heng’s seismoscope must 
detect the direction of the first motion, no matter whether it is compressing 
or expanding.” And, this is the third design specification. 
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Analysis of ancient western seismographs 
Through the analysis of Western seismographs, the developments and 
design principles of seismographs can be realized [1, 6, 7, 9, 10, 20, 21]. 
Early seismoscopes were primarily intended to indicate that an earthquake 
had occurred. A seismoscope designed by J. de la Haute Feuille in AD 
1703 contained a central reservoir from which mercury would spill into 
cups around the periphery if the ground moved. Andrea Bina in AD 1751 
proposed a common or clock-type pendulum that was suspended over a 
tray of sand, so that the pendulum bob could trace a record of ground 
motion in the sand. Also, scientists in Italy were active in seismic 
instrument design in the 1800s. The first device was built by Filippo 
Cecchi in Italy in AD 1875. Cecchi’s seismograph used two simple pen- 
dulums to measure horizontal motions, one swinging north-south and 
the other east-west, an orientation still almost always used today. The 
pendulum motions were magnified three times before being recorded by 
magnifier. The most significant person in developing a practical seismo- 
graph was John Milne. In AD 1876, John Milne, Thomas Gray and J. Alfred 
Ewing experimented with a variety of pendulum instruments for recording 
ground motions. In addition, the British in Japan made many observations 
with their instruments and must be credited with first demonstrating the 
value to seismology of seismographic devices. 

Early seismographs consist of three basic components: a timing system, 
a recording system, and a seismometer. A clock is used to provide absolute 
time. A number of different ways have been devised to put time marks on 
a seismic record. In terms of recording, different methods have been used 
to record earthquake ground motion, but the most common has been the 
recording drum. However, the greatest challenge in the development of the 
seismograph was in the design of a seismometer. A seismometer consists 
of three basic components: a sensing member, a magnifier, and a long arm. 
A sensing member responds to ground motion. The motions are magnified 
before being recorded by a magnifier. The magnifier connects with a long 
arm as a scribing point which rests on the recording drum. The long arm 
scribes ground motion in the recording drum. During an earthquake, the 
ground moves simultaneously in three dimensions: for example, east-west, 
north-south, and up—down. A single device records only one of these three 
components of motion. According to the foregoing, it is concluded that 
“there are eight devices in Zhang Heng’s seismoscope to detect eight 
principal directions. Each device has an interior mechanism as a seismo- 
meter inside and a recording system outside.” And, this is the fourth design 
specification. 
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According to historical records, each recording system of Zhang 
Heng’s seismoscope definitely includes a dragon, a ball, and a toad on the 
outside. But in the view of the function, the real dragon is not necessary in 
the recording system. The function of the dragon is to hold the ball. The 
real dragons are replaced by painting the dragons on the surface of the 
compass. The balls can be contained in the wall of the vessel. In the deve- 
lopments of seismographs, one or more lever mechanisms were generally 
used in the early magnifiers of ancient Western seismometers. The most 
popular lever mechanism in ancient China is jie gao, i.e., a lever mechanism 
shown in Figure 5.16. Therefore, it is concluded that “each interior mecha- 
nism has a pillar as the ground link, a sensing link to respond to ground 
shake, a lever mechanism (jie gao, including a connecting rod and a 
lever arm) as a magnifier, and a transmitting rod at least. It is a planar 
mechanism with one degree of freedom.” And this is the fifth design speci- 
cation. The transmitting rod connects the seismometer and the recording 
system, much like the long arm in a Western seismograph. 


5.7 Reconstruction Design 


According to historical records, the outer appearance of Zhang Heng’s 
seismoscope is clear. The reconstruction design presented here focuses on 
the interior mechanism. The procedure for the reconstruction of design 
concepts of possible interior mechanisms of Zhang Heng’s seismoscope is 
shown in Figure 5.17. It consists of the following four steps: 


Generalized Kinematic Chains 


———_- ~s] Design specifications 
Specialized Chains 


Ancient science and technology 
Reconstruction Designs 


Figure 5.17 Process of reconstruction design 
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Step 1. Design specifications 

Based on the above concluded design specifications, one complete 
interior mechanism is defined as including a ground link, a sensing 
link, a connecting rod, a lever arm, and a transmitting rod. The 
design is at least a planar five-bar mechanism with six joints 
including one pin-in-slot joint (J,), one prismatic joint (Jp), and four 
revolute joints (J,). This is the simplest structure to carry out 
the third design specification. In summary, the design requirements 
of Zhang Heng’s seismoscope are: 


1. 


It has one central pillar (du zhu) as the frame in the center of 
the interior, and it has eight transmitting rods as channels near 
the pillar. 


. The switch ball which can move on the transmitting rod is held 


with the eight transmitting rods on the top of the pillar. 


. Zhang Heng’s seismoscope must detect the first motion of 


P-waves; no matter if it is compressing or expanding. 


. There are eight devices in the eight principal directions of 


Zhang Heng’s seismoscope. Each device has the interior 
mechanism as a seismometer and a recording system. 


. Each interior mechanism has at least a ground link, a sensing 


link, a connecting rod, a lever arm, and a transmitting rod. It is 

a planar mechanism with one degree of freedom. 

(a) The pillar in the center of the interior is the ground link. 
The switch ball is on the top of the ground link. 

(b) The sensing link detects the first motion of P-waves, no 
matter whether it is compressing or expanding. When the 
first motion is compressing, the sensing link topples in the 
direction of its source. On the contrary, if the first motion is 
expanding, the sensing link topples in the direction away 
from its source. 

(c) Minimally, the magnifier consists of a connecting rod and a 
lever arm. Since the joint between the lever arm and the 
ground link is a pin-in-slot joint, the lever arm can slide and 
rotate around the pin. The feature of the pin-in-slot joint 
enables the lever arm to move in the direction of an 
earthquake. The purpose of such design is to make sure that 
the movement of the lever arm can follow its corresponding 
sensing link, no matter where the sensing link topples. 

(d) The function of the transmitting rod is to connect the seis- 
mometer and the recording system. When the lever arm 
moves, it pulls the transmitting rod up. The switch ball 
drops out of the pillar and moves to the wall of the vessel 


140 


Step 2. 


Step 3. 
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by the transmitting rod. Through the collision between the 
balls, the ball in the wall drops out and falls into the mouth 
of a toad below. The direction of the earthquake is indicated 
by the dropping ball. 

6. It is a planar mechanism with one degree of freedom. 


Generalized kinematic chains 
The second step is to obtain or identify the atlas of generalized 
kinematic chains with the required numbers of links and joints 
subject to defined design specifications (topological characteristics) 
by applying the algorithm of number synthesis [22] or simply 
by identifying from Section 4.4. 


Specialized chains 

The third step is to have the atlas of specialized chains with 

assigned types of links and joints subject to the concluded design 

requirements and constraints for each generalized kinematic chain 

obtained in Step 2. Based on the process of specialization, all 

possible specialized chains can be identified according to the 

following substeps: 

1. For each generalized kinematic chain, identify the ground link. 

2. For each case obtained in substep 1, identify the sensing link. 

3.For each case obtained in substep 2, identify the transmitting rod. 

4. For each case obtained in substep 3, identify the connecting rod. 

5. For each case obtained in substep 4, identify the lever arm. 

Specialized chains are identified subject to the following design 

requirements and constraints. The design constraints are defined 

based on the concluded characteristics of the interior mechanism. 

Ground Link — link (Kg) 

1. In each generalized kinematic chain, there must be one ground 
link (link Kg) as the frame. 

2. The ground link must be a link with multiple joints. 

Sensing link (link 2) 

1. The sensing link (link 2) is adjacent to ground link (link Kr) 
with a revolute joint (Jp). 

2. It must be a binary link. 

Transmitting rod (link 5, the channel of the switch ball) 

1. The transmitting rod (link 5) is adjacent to ground link (link Kr) 
with a prismatic joint (Jp). 

2. It must be a binary link. 
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Magnifier (links 3 and 4) 
1. The connecting rod (link 3) must be a binary link. 
2. It (link 3 or 4) must be adjacent to link Kr. 


Step 4. Reconstruction designs 

The last step is to obtain the atlas of reconstruction designs from 
the atlas of specialized chains according to the motion and 
function requirements of the ancient machinery, and by utilizing 
the mechanical evolution and variation theory to perform a mecha- 
nism equivalent transform. Ancient scientific theories and techno- 
logies of the subject’s time period are applied to find appropriate 
and feasible mechanisms that can be considered as the recons- 
the reconstruction designs. 


5.8 Linkage Mechanisms with Five Members 


In this case (Example 5.1), there are two generalized kinematic chains with 
five members and six joints as shown in Figure 4.11 or 5.18(a) and (b). All 
possible feasible specialized chains are identified through the following 
steps. 


(a) (b) 


Figure 5.18 Atlas of generalized kinematic chains with five members and six 
joints 


Ground link — link (Kx) 

Since there must be a multiple link as the frame, the ground link Ky can be 

identified as follows: 

1. For the generalized kinematic chain shown in Figure 5.18(a), the 
assignment of the ground link Ky generates one nonisomorphic result, 
Figure 5.19(a;). 

2. For the generalized chain shown in Figure 5.18(b), the assignment of 
the ground link Ky generates one nonisomorphic result, Figure 5.19(a)). 

Therefore, two specialized chains with one identified ground link Ky are 

available as shown in Figure 5.19(a,) and (ap). 


142 Chapter 5 Zhang Heng’s Seismoscope 


Figure 5.19 Atlas of specialized chains (Example 5.1) 
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Sensing link (link 2) 

Since there must be a binary link as the sensing link 2 that is adjacent to 

the ground link Kp with a revolute joint Jp, the sensing link can be 

identified as follows: 

1. For the case shown in Figure 5.19(a;), the assignment of the sensing link 
2 generates two results, Figure 5.19(b,) and (b»). 

2. For the case shown in Figure 5.19(a,), the assignment of the sensing link 
2 generates one nonisomorphic result, Figure 5.19(bs). 

Therefore, three specialized chains with identified ground link Kp and 

sensing link 2 are available as shown in Figure 5.19(b,)—(b3). 

Transmitting rod (link 5) 

Since there must be a binary link as the transmitting rod 5 that is adjacent 

to the ground link Ky with a prismatic joint Jp, the transmitting rod can be 

identified as follows: 

1For the case shown in Figure 5.19(b ), the assignment of the transmitting 
rod 5 generates one result, Figure 5.19(c,). 

2For the case shown in Figure 5.19(b2), the assignment of the transmitting 
rod 5 generates one result, Figure 5.19(c,). 

3For the case shown in Figure 5.19(b;), the assignment of the transmitting 
rod 5 generates one nonisomorphic result, Figure 5.19(c;). 

Therefore, three specialized chains with identified ground link Ky, sensing 

link 2, and transmitting rod 5 are available as shown in Figure 5.19(c;)-(c3). 

Magnifier (links 3 and 4) 

Since there must be a binary link as the connecting rod 3 and a ternary link 

as the lever arm 4, the connecting rod and the lever arm can be identified 

as follows: 

1. For the case shown in Figure 5.19(c,), the assignment of the connecting 
rod 3, the lever arm 4, the pin-in-plot joint J;, and the remaining revolute 
joints Jp generate four results, Figure 5.19(d,)—(d4). 

2. For the case shown in Figure 5.19(c2), the assignment of the connecting 
rod 3, the lever arm 4, the pin-in-plot joint Jj, and the remaining revolute 
joints Jp generate four results, Figure 5.19(ds)—(ds). 

3. For the case shown in Figure 5.19(c3), the assignment of the connecting 
rod 3, the lever arm 4, the pin-in-plot joint Jj, and the remaining revolute 
joints Jp generate four results, Figure 5.19(d9)—(dj2). 

Therefore, 12 nonisomorphic specialized chains with identified ground 

link Kp, sensing link 2, transmitting rod 5, connecting rod 3, and lever arm 

4 are available as shown in Figure 5.19(d,)-(di2). Removing those with 

rigid chains including Figure 5.19(d3), (d4), (d7), and (dg), eight feasible 

specialized chains are available as shown in Figure 5.19(d,), (dz), (ds), (de), 
and (do)(d)2). 
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Here, the motion and function requirements of mechanisms are taken 
into account, and the types of links and joints remained unchanged. 
Subsequently, the interior mechanism of the corresponding eight feasible 
specialized chains in Figure 5.19(d,), (d2), (ds), (de), and (do}(dj2) are 
represented as shown in Figure 5.20(a)-(h), respectively. 


Figure 5.20 Interior mechanisms (Example 5.01) 


Figure 5.21 shows the 3D solid model of a reconstruction design of 
Zhang Heng’s seismoscope. There are eight devices in the principal 
directions of the instrument, Figure 5.21(a). A switch ball is held with the 
eight transmitting rods (link 5) on the top of the pillar. A complete interior 
mechanism, based on Figure 5.20(a), is shown in Figure 5.21(b). The 
sensing link (link 2) detects the first motion of P-waves, no matter whether 
it is compressing or expanding. When the first motion is compressing, the 
sensing link 2 topples to the left, Figure 5.21(c). On the contrary, if the 
first motion is expanding, the sensing link 2 topples to the right, Figure 
5.21(d). Figure 5.22 shows the movement process of Zhang Heng’s 
seismoscope. 
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Figure 5.21 A reconstruction design of Zhang Heng’s seismoscope (Example 7.1) 
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Figure 5.22 Movement process of Zhang Heng’s seismoscope 


5.9 Linkage Mechanisms with Six Members 


In this case (Example 5.2), the interior linkage mechanisms with six 

members and eight joints can be synthesized by following the same 

approach as described in Example 5.1. The design requirements and cons- 
traints that are different from the (5, 6) interior mechanisms in Example 

5.1 are: 

1. The magnifier includes links 3-5. 

2. The ground link (link Ky) must be a quaternary link. 

3. The (6, 8) interior mechanism consists of a ground link (link Ker), a 
sensing link (link 2), a connecting rod (link 3), two lever arms (link 4 
and link 5), a transmitting rod (link 6), a prismatic joint (Jp), two pin-in- 
slot joints (Jj), and five revolute joints (Jp). 

4. Two pin-in-slot joints (Jj) must not be simultaneously incident with the 
same link. 

There are nine generalized kinematic chains with six members and eight 

joints as shown in Figure 4.14 or Figure 5.23(a)+(i), and all possible 

specialized chains are identified through the following steps. 

Since the interior mechanisms with six members and eight joints must 
have one sensing link (link 2), one transmitting rod (link 6), and one 
connecting rod (link 3), a generalized kinematic chain should have only 
three binary links. Therefore, only those three generalized kinematic 
chains shown in Figure 5.23(a)-(c) qualify for the process of specialization. 
Ground link (link Kr) 

Since there must be a quaternary link as the frame, the ground link Kp can 

be identified as follows: 

1. For the generalization chain shown in Figure 5.23(a), the assignment of 
the ground link Kr generates one result, Figure 5.24(a). 

2. For the generalization chain shown in Figure 5.23(b), the assignment of 
the ground link Kr generates one result, Figure 5.24(b). 
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3. For the generalization chain shown in Figure 5.23(c), the assignment of 
the ground link Kg generates one result, Figure 5.24(c). 

Therefore, three specialized chains with one identified ground link Kp are 

available as shown in Figure 7.24(a)-(c). 
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Figure 5.23 Atlas of generalized kinematic chains with six members and eight 


joints 
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Figure 5.24 Atlas of (6, 8) specialized chains with identified ground link Kp 
(Example 5.2) 

Sensing link (link 2) 

Since there must be a binary link as the sensing link 2 that is adjacent to 
the ground link Ky with a revolute joint Jr, the sensing link can be identi- 
fied as follows: 
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1. For the case shown in Figure 5.24(a), the assignment of the sensing link 
2 generates one nonisomorphic result, Figure 5.25(a). 

2. For the case shown in Figure 5.24(b), the assignment of the sensing link 
2 generates two nonisomorphic results, Figure 5.25(b) and (c). 

3. For the case shown in Figure 5.24(c), the assignment of the sensing link 
2 generates two results, Figure 5.25(d) and (e). 


Figure 5.25 Atlas of (6, 8) specialized chains with identified ground link Kp and 
sensing link 2 (Example 5.2) 


Therefore, five specialized chains with identified ground link Kp and 

sensing link 2 are available as shown in Figure 5.25(a)-(e). 

Transmitting rod (link 6) 

Since there must be a binary link as the transmitting rod 6 that is adjacent 

to the ground link Kp with a prismatic joint Jp, the transmitting rod can be 

identified as follows: 

1. For the case shown in Figure 5.25(a), the assignment of the transmitting 
rod 6 generates one result, Figure 5.26(a). 

2. For the case shown in Figure 5.25(b), the assignment of the transmitting 
rod 6 generates one nonisomorphic result, Figure 5.26(b). 

3. For the case shown in Figure 5.25(c), the assignment of the transmitting 
rod 6 generates two results, Figure 5.26(c) and (d). 

4. For the case shown in Figure 5.25(d), the assignment of the transmitting 
rod 6 generates one result, Figure 5.26(e). 

5. For the case shown in Figure 5.25(e), the assignment of the transmitting 
rod 6 generates one result, Figure 5.26(f). 
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Figure 5.26 Atlas of (6, 8) specialized chains with identified ground link Kg, 
sensing link 2, and transmitting rod 6 (Example 5.2) 


Therefore, six specialized chains with identified ground link Ky, sensing 
link 2, and transmitting rod 6 are available as shown in Figure 5.26(a)-(f). 
Magnifier (links 3-5) 

Since there must be a binary link as the connecting rod 3, the connecting 
rod and two lever arms 4 and 5 can be identified as follows: 


1. 


For the case shown in Figure 5.26(a), the assignment of the connecting 
rod 3, two lever arms 4 and 5, two pin-in-plot joints Jj, and the 
remaining revolute joints Jp generate three feasible results, Figure 
5.27(a)-(c). 


. For the case shown in Figure 5.26(b), the assignment of the connecting 


rod 3, two lever arms 4 and 5, two pin-in-plot joints Jj, and the 
remaining revolute joints Jp generate five feasible results, Figure 
5.27(d)-(h). 


. For the case shown in Figure 5.26(c), the assignment of the connecting 


rod 3, two lever arms 4 and 5, two pin-in-plot joints Jj, and the 
remaining revolute joints Jp generate five feasible results, Figure 
5.27(1){(m). 


. For the case shown in Figure 5.26(d), the assignment of the connecting 


rod 3, two lever arms 4 and 5, two pin-in-plot joints J;, and the 
remaining revolute joints Jp generate seven feasible results, Figure 
5.27(n)-(t). 


. For the case shown in Figure 5.26(e), the assignment of the connecting 


rod 3, two lever arms 4 and 5, two pin-in-plot joints Jj, and the remain- 
ing revolute joints Jp generate three feasible results, Figure 5.27(u)-(w). 


150 Chapter 5 Zhang Heng’s Seismoscope 


6. For the case shown in Figure 5.26(f), the assignment of the connecting 
rod 3, two lever arms 4 and 5, two pin-in-plot joints Jj, and the 
remaining revolute joints Jp generate three feasible results, Figure 
5.27(x)(z). 

Therefore, 26 specialized chains with identified ground link Kr, sensing 

link 2, transmitting rod 6, connecting rod 3, and two lever arms 4 and 5 are 

available as shown in Figure 5.27(a)-(z). 

Through particularizing the 26 feasible specialized chains in Figure 
5.27, the corresponding 26 interior mechanisms are obtained as shown in 
Figure 5.28(a)-(z). Figure 5.29 shows the 3D solid model of an interior 
mechanism with six members. A complete interior mechanism is shown in 
Figure 5.29(a) based on the design shown in Figure 5.28(u). When the first 
motion is compressing, the sensing link (link 2) topples to the left, Figure 
5.29(b). On the contrary, if the first motion is expanding, the sensing link 2 
(link 2) topples to the right, Figure 5.29(c). 


5.10 Rope-and-Pulley Mechanisms with Six Members 


In this case (Example 5.3), interior mechanisms with a rope-and-pulley 

and with six members and eight joints can be synthesized by following the 

same approach as described in Example 5.2. This design consists of a 

ground link (link Kg), a sensing link (link 2), a pulley (link 3), a rope (link 

4), a lever arm (link 5), a transmitting rod (link 6), a prismatic joint (Jp), a 

wrapping joint (Jw), a pin-in-slot joint (Jj), and five revolute joints (Jp). 
Specialized chains are identified subject to the following design 

requirements and constraints: 

Ground link 

1. In each generalized kinematic chain, there must be one ground link as 
the frame (Kr). 

2. The ground link must be a quaternary link. 

Sensing link 

1. The sensing link is adjacent to the ground link with a revolute joint (Jp). 

2. It must be a binary link. 

Transmitting rod 

1. The transmitting rod, channel of the switch ball, is adjacent to the 
ground link with a prismatic joint (Jp). 

2. It must be a binary link. 
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Figure 5.27 Atlas of specialized chains (Example 5.2) 
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Figure 5.28 Interior mechanisms (Example 5.2) 
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Figure 5.28 (Continued) 
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Figure 5.29 A reconstruction design of Zhang Heng’s seismoscope (Example 5.2) 
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Pulley 

1. The pulley is adjacent to the ground link with a revolute joint (Jp). 

2. It must be a binary link. 

Rope 

1. The rope is adjacent to the pulley with a wrapping joint (Jw). 

2. It must be a ternary link. 

3. The pin-in-slot joint (J;) must not be incident to the rope. 

There are nine generalized kinematic chains with six members and eight 
joints as shown in Figure 4.14, and again in Figure 5.23(a)—(i). 

Since the interior mechanisms with six members and eight joints must 
have a sensing link, a transmitting rod, and a pulley, a feasible generalized 
kinematic chain should have only three binary links that are adjacent to the 
ground link Kr. There must also be a ternary link as the rope. Therefore, 
only the generalized kinematic chain shown in Figure 5.23(b) qualifies for 
the process of specialization. 

Ground link (link Kr) 
Since there must be a quaternary link as the frame, the ground link Kp can 
be identified as follows: 

1. For the generalized kinematic chain shown in Figure 5.23(b), the 
assignment of the ground link Ky generates one result, Figure 5.30(a). 
Therefore, one specialized chain with one identified ground link Kg is 

available as shown in Figure 5.30(a). 

Sensing link (link 2) 

Since there must be a binary link as the sensing link 2 that is adjacent to 
the ground link Kp with a revolute joint Jp, the sensing link can be 
identified as follows: 

1. For the case shown in Figure 5.30(a), the assignment of the sensing link 

2 generates two nonisomorphic results, Figure 5.30(b) and (c). 
Therefore, two specialized chains with identified ground link Kp and 
sensing link 2 are available as shown in Figure 5.30(b) and (c). 
Transmitting rod (link 6) 

Since there must be a binary link as the transmitting rod 6 that is adjacent 
to the ground link Kp with a prismatic joint Jp, the transmitting rod can be 
identified as follows: 

1. For the case shown in Figure 5.30(b), the assignment of the transmitting 

rod 6 generates one nonisomorphic result, Figure 5.30(d). 

2. For the case shown in Figure 5.30(c), the assignment of the transmitting 

rod 6 generates two results, Figure 5.30(e) and (f). 

Therefore, three specialized chains with identified ground link Kr, sensing 
link 2, and transmitting rod 6 are available as shown in Figure 5.30(d)-(f). 
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Figure 5.30 Atlas of specialized chains (Example 5.03) 
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Pulley (link 3) 

Since there must be a binary link as the pulley 3 that is adjacent to the 

ground link Ky with a revolute joint Jp, the pulley can be identified as 

follows: 

1. For the case shown in Figure 5.30(d), the assignment of the pulley 3 
generates one result, Figure 5.30(g). 

2. For the case shown in Figure 5.26(e), the assignment of the pulley 3 
generates one result, Figure 5.30(h). 

3. For the case shown in Figure 5.30(f), the assignment of the pulley 3 
generates one result, Figure 5.30(1). 

Therefore, three specialized chains with identified ground link Ky, sensing 

link 2, transmitting rod 6, and pulley 3 are available as shown in Figure 

5.30(g)-(i). 

Rope (link 4) 

Since there must be a ternary link as the rope 4 that is adjacent to the 

pulley 3 with a wrapping joint Jy, the rope can be identified as follows: 

1. For the case shown in Figure 5.30(g), the assignment of the rope 4 
generates one result, Figure 5.30(j). 

2. For the case shown in Figure 5.30(h), the assignment of the rope 4 
generates one result, Figure 5.30(k). 

3. For the case shown in Figure 5.30(1), the assignment of the rope 4 
generates one result, Figure 5.30(1). 

Therefore, three specialized chains with identified ground link Ky, sensing 

link 2, transmitting rod 6, pulley 3 and rope 4 are available as shown in 

Figure 5.30(j)-(1). 

Lever arm (link 5) 

Since there must be a lever arm, the lever arm can be identified as follows: 

1. For the case shown in Figure 5.30(j), the assignment of the lever arm 5, 
the pin-in-slot joint Jj, and the remaining revolute joints Jp generates 
two results, Figure 5.30(m) and (n). 

2. For the case shown in Figure 5.30(k), the assignment of the lever arm 5, 
the pin-in-slot joint J;, and the remaining revolute joints Jp generates 
two results, Figure 5.30(0) and (p). 

3. For the case shown in Figure 5.30(1), the assignment of the lever arm 5, 
the pin-in-slot joint Jj, and the remaining revolute joints Jp generates 
two results, Figure 5.30(q) and (r). 

Therefore, six feasible specialized chains with identified ground link Kr, 

sensing link 2, transmitting rod 6, pulley 3, rope 4, and lever arm 5 are 

available as shown in Figure 5.30(m)-(1). 

Figure 5.31(a)-(f) show the corresponding six interior mechanisms after 
particularization for the six feasible specialized chains shown in Figure 
5.30(m)-(r). Figure 5.32 shows the 3D solid model of an interior mechanism 
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with six members and eight joints. A complete interior mechanism is also 
shown in Figure 5.32(a) based on the design shown in Figure 5.31(c). 
When the first motion is compressing, the sensing link (link 2) topples to 
the left, Figure 5.32(b). On the contrary, if the first motion is expanding, 
the sensing link 2 (link 2) topples to the right, Figure 5.31(c). 


(d) 


Figure 5.31 Interior mechanisms (Example 5.3) 


5.11 Remarks 


Earthquakes are natural disasters in the history of mankind. The deve- 
lopment of instruments to measure and record the movements of the 
ground during a distant earthquake in ancient times was truly a great 
intellectual achievement. The earliest seismoscope was invented by Zhang 
Heng (4f#7) in ancient China in AD 132. The first western seismograph 
was invented in AD 1703 by the French scientist J. de la Haute Feuile, who 
knew nothing of his great Chinese predecessor. The first successful 
modern seismograph was built by Filippo Cecchi in Italy in AD 1875. 


5.11 Remarks 


1) switch ball 


Du Chu 
(Pillar) 


Sensing link (2) 


(b) Sensing link 2 topples to the (c) Sensing link 2 topples to the 
left by compressing wave right by expanding wave 
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Figure 5.32 A reconstruction design of Zhang Heng’s seismoscope (Example 5.3) 
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Like many other Chinese inventions, Zhang Heng’s seismograph, Hou 
Feng Di Dong Yi ( fv /E\ ih 8) 4), was forgotten and lost. Due to 
insufficient literature on the inner design of the instrument, it has been 
very difficult to reconstruct the interior device of this seismoscope. With 
the help of the reconstruction design methodology presented in Chapter 4, 
all feasible design concepts of Zhang Heng’s seismoscopes that are 
consistent with the scientific theories and technologies of the subject time 
period can be synthesized. Various designs with different types and 
numbers of members and joints can be obtained by following the proposed 
approach. Logically, one of the reconstruction designs is possible to be the 
inner mechanism of Zhang Heng’s seismoscope. This provides a logical 
and feasible solution and approach to the reconstruction design of Zhang 
Heng’s seismoscope until further new and solid evidence is found. 
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Chapter 6 Su Song’s Escapement Regulator 


Su Song (#88) of the Northern Song Dynasty invented a water-powered 
armillary sphere and celestial globe around year AD 1088. This device was 
working based on a water-powered mechanical clock with an escapement 
regulator. Literary records are available for this invention, but unfortu- 
nately surviving hardware is lacking. However, several reconstruction 
designs have existed in the past century. 

This chapter systematically generates all feasible designs of Su Song’s 
escapement regulator that meet the scientific and technological standards 
of the subject’s time period [1-4]. Historical records of Su Song’s clock 
tower and the escapement regulator are addressed first. Then, the topologi- 
cal structure of an available design is analyzed, and the design constraints 
are concluded. The process of reconstruction design of Su Song’s 
escapement regulators is also illustrated. Finally, feasible escapement 
regulators of Su Song’s clock tower and modern mechanical clocks are 
compared. 


6.1 Su Song’s Clock Tower 


A heavenly body itself can be seen as a time-telling system. Mankind 
learned to know time, e.g., year, season, month, day, and hour, by observ- 
ing the regular changes in positions of heavenly bodies such as the sun, the 
moon and some planets. For more effective observations, the ancient 
scholars cleverly transformed the orbits of the sun and stars into the dials 
of the sundial and the gnomon so as to achieve an accurate time telling. 
The clepsydra was another efficient way of measuring time by watching 
the flow of a fixed water volume pass through a constant cross section of a 
siphon. A scale on the water container would lower or rise according to the 
water level, and calibrations on the scale would indicate the time. 

In ancient China, the astronomical clock was integrated from the clep- 
sydra and astronomical instrument as an automatic waterpower time- 
keeping machine. Its water wheel steelyard-clepsydra mechanism was used 
to obtain intermittent and equal time keeping. It also had a time-telling 
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system with a cam striking mechanism. The astronomical clock was developed 
to the most complete and fully functional unit until the water-powered ar- 
millary sphere and celestial globe named Shui Yun Yi Xiang Tai (7Ki#(# 
£4) was built by Su Song and Han Gong-lian (7S /#€) in AD 1088 dur- 
ing the Northern Song Dynasty. 

This astronomical clock tower was over thirty chi tall, Figure 6.1. On 
the top was a massive spherical astronomical instrument for observing the 
stars, constructed from bronze and driven by water power. Inside the tower 
was a celestial globe, whose movements were synchronized with those of 
the sphere above, so that the two could be compared constantly. At the 
front of the tower was a pagoda-like structure of five floors, each with a 
door through which wooden puppets appeared at regular intervals 
throughout the day and night. They beat drums, rang bells, and zhengs (fi, 
a type of ancient Chinese ring), played stringed instruments, and displayed 
tablets showing the time. All these figures were operated by the giant 
clock machine, powered by a huge water wheel with scoops attached to 
the end of blades into which water dripped from a water clock, causing the 
machine to advance by one scoop per hour. Figure 6.2 shows the internal 
structure of this clock tower. 


| 


Figure 6.1 Su Song’s clock tower [5] 


6.1 Su Song’s Clock Tower 
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Figure 6.2 Internal structure of Su Song’s clock tower [5] 
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Su Song’s clock tower reflected ancient Chinese achievements in both 
astronomy and machinery during the 11th century. In the mechanical field, 
it was the most outstanding integrated mechanical design, including the 
water wheel power device, the two-level noria device, the two-level float 
clepsydra device, the water wheel lever escapement mechanism, and the 
cam striking time device. The time-telling system of Su Song’s clock 
tower was composed of the day and night time-keeping wheel and the five- 
storey wooden pagoda. By running the cam striking mechanism, the 
interaction between concrete image and sound naturally led to three 
different time laws. 

There were differences between the original version and a newer 
version in the book New Design for an Armillary Sphere and Celestial 
Globe, named “Xin Yi Xiang Fa Yao” (#7(ByE) [5]. The main 
difference was the transmission system. The transmission from the original 
version entirely adopted gear trains. The one in the newer version used a 
mixture of chains and gears. On the day and night time-keeping wheel, the 
difference between the original and other versions appeared on the mesh 
position of the transmission gear and the order of their wheels. In the 
original version, the time-keeping transmission gear was placed on the 
second layer, which meshed with the middle gear of the transmission shaft. 
The wheel for puppets reporting the Geng Dian Time Law and the wheel 
for indicator arrows of the Geng Dian Time Law were placed on the 
seventh and the eighth layers. In the newer version, the time-keeping 
transmission gear was put on the fifth layer, which directly meshed with 
the drum gear of the driving wheel. The places of the wheel for puppets 
reporting the Geng Dian Time Law and the wheel for indicator arrows of 
the Geng Dian Time Law were interchanged. Figure 6.3 represents the day 
and night time-keeping wheel from the other version. 

The day and night time-keeping wheel was a six-link design in the 
time-telling system of Su Song’s clock tower. It had two gear joints, two 
cam joints, and two revolute joints. For the purpose of combining three 
time laws and using image and sound to tell time automatically, it needed 
eight layers. They were respectively the celestial transmission gear, the 
time-keeping transmission gear, the wheel for striking daytime by bell and 
drum, the wheel for puppets reporting the Duodecimal Time Law, the 
wheel for puppets reporting the Clepsydra Time Law, the wheel for 
striking nighttime by zheng, the wheel for puppets reporting the Geng 
Dian Time Law, and the wheel for indicator arrows of the Geng Dian Time 
Law. All the above-mentioned eight wheels were installed on the time- 
keeping shaft together. The top was constrained with an upper bearing 
beam, and the bottom was supported by an iron mortar-shaped end-bearing. 
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Figure 6.3 Day and night time-keeping wheel [5] 
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The time-keeping transmission gear, Figure 6.4(a), was the input ter- 
minal of the time-telling system, and meshed with the middle gear of the 
transmission shaft. It received and transmitted the power and motion of the 
escapement regulator. The celestial transmission gear, the wheel for strik- 
ing daytime by bell and drum, and the wheel for striking nighttime by 
gong, were all output terminals. The celestial transmission gear, Figure 
6.4(b), used a gear joint to transmit motive power onto the celestial globe, 
enabling it to work with astronomical phenomena. The wheel for striking 
daytime by bell and drum, and the wheel for striking nighttime by zheng, 
both used a cam joint to operate the striking mechanism on the wooden pa- 
goda to tell time punctually. The joints incident to the time-keeping shaft 
and the upper bearing beam, as well as the time-keeping shaft and the iron 
mortar-shaped end-bearing, were both revolute joints. The upper bearing 
beam was composed of two transverse woods with a semicircle notch as the 
frame for holding the time-keeping shaft. The mortar-shaped end-bearing 
was to support the pointed cap, named zuan (4) of the time-keeping shaft. 
Both materials were iron. This joint was similar to a self-aligning taper jour- 
nal bearing. 


(a) Time-keeping transmission gear (b) Celestial transmission gear 


Figure 6.4 Transmission gear on the day and night time-keeping wheel [5] 


The five-storey wooden pagoda, Figure 6.5, was used to cover the day 
and night time-keeping wheel. At every storey doors were built through 
which puppets showed up or vanished, making it a time display platform 
with interacting image and music. 

The first storey of the wooden pagoda consisted of three doors, the left 
door, middle door, and right door. Three puppets wearing different colored 
clothes, stood at each of the three doors respectively. Each puppet had an 
active arm with linkage mechanisms, which was respectively operated by 
three teams of pegs on the wheel for striking the daytime bell and drum, 
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Figure 6.6(a). This was a cam striking time-telling device. The time 
sequence and disposition among the three teams of pegs on the wheel for 
striking the daytime bell and drum corresponded with one-shi (() inter- 
vals, one-ke (%/J) intervals, and intervals of 600 pegs (teeth) on the time- 
keeping transmission gear, respectively. In this way, at the beginning of 
each time interval shi, a puppet in scarlet clothes shook a small bell at the 
left door. At each time interval ke, a puppet wearing green clothes beat the 
drum at the middle door. At the middle of each time interval shi, a puppet 
wearing purple struck a large bell at the right door. 
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Figure 6.5 Five-storey wooden pagoda [5] 


The second storey of the wooden pagoda had only one door opened at 
the middle. The wheel for puppets reporting the Duodecimal Time Law, 
Figure 6.6(b), was inside the second storey. There were 24 puppets 
standing by the outer rim of the wheel, each holding a tablet. The 
beginnings and middles of twelve shi was in written on every tablet. They 
corresponded to the 600 teeth of the time-keeping transmission gear. Thus 
at the beginning of each time interval shi, the puppet in scarlet appeared 
holding the tablet at the door. At the middle of each time interval shi, the 
puppet in purple appeared holding the tablet at the door. 
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(a) Wheel for striking daytime by (b) Wheel for puppets reporting the 
bell and drum Duodecimal Time Law 


(c) Wheel for puppets reporting the Clepsydra Time Law 
(only 36 puppets shown) 


Figure 6.6 Telling daytime devices on the day and night time-keeping wheel [5] 


The third storey of the wooden pagoda also had a door opened at the 
middle. Inside the third storey was the wheel for puppets reporting the 
Clepsydra Time Law, Figure 6.6(b). There were 96 puppets standing by 
the outer rim of this wheel. Each of them held a tablet, in turn written 100 
ke of twelve shi. They also matched with the 600 teeth of the time-keeping 
transmission gear. At each time interval ke, a puppet in green appeared 
holding a tablet at the middle door. 

The fourth and the fifth stories both had a door opened right at the 
middle. Being the night time-telling device, they specialized in reporting 
the Geng Dian Time Law, together with the wheel for striking nighttime 
by zheng, the wheel for puppets reporting the Geng Dian Time Law, and 
the wheel for indicator arrows of the Geng Dian Time Law. 
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On the fourth storey, a striking zheng puppet stood affixed at the mid- 
dle door. Its action was similar to the one in the first storey. Poked by the 
teeth of the wheel for striking nighttime by zheng, Figure 6.7(a), at sunset, 
at dusk, at each geng (#) and dian (1), at predawn, at dawn and at 
sunrise, it responded to the appearance of a puppet on the fifth storey. It 
was also a cam striking time-telling device. 


ers 


(a) Wheel for striking nighttime _(b) Wheel for puppets reporting the Geng 
by gong Dian Time Law (only 12—4 puppets 
shown) 


Figure 6.7 Telling nighttime devices on the day and night time-keeping wheel [5] 


Inside the fifth storey was the wheel for puppets reporting the Geng 
Dian Time Law, Figure 6.7(b). There were 38 puppets wearing three 
different colors of clothes. Based on the data of each indicator arrow on 
the wheel for indicator arrows of the Geng Dian Time Law, the puppets 
come out to report the Geng Dian Time Law through their relative 
positions on wheel. Therefore at sunset, a puppet in scarlet appeared to 
report, and then after 2'2 ke another one in green came out to report dusk. 
During the five geng, there were 25 reports. At each geng a puppet in 
scarlet appeared to report; at each dan a puppet in green appeared to 
report. At each ke of predawn a puppet in green appeared to report. At 
dawn a puppet in green reported, and at sunrise a puppet in scarlet 
reported. All these puppets appeared in the central doorway. 

In the process of restoring Su Song’s clock tower in AD 1958, Wang 
Zhen-duo (+4) took the arrows on the wheel for indicator arrows of 
the Geng Dian Time Law as the pegs (teeth) on the wheel for striking 
nighttime by geng [6]. And there were three groups of holes on the outer 
rim of the wheel for striking nighttime by geng. The division rule of the 
three group holes was based upon the summer solstice, winter solstice, and 
spring equinox (or autumn equinox). The holes were also grouped to 
receive insertions of the indicator arrows corresponding to the four seasons. 
However, this work caused the same problems. First the mechanism of the 
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wheel for striking nighttime by geng became complicated, and, the wheel 
for indicator arrows of the Geng Dian Time Law seemed to be an unneces- 
sary device. Second, it seemed too general that the yearly Geng Dian Time 
Law was only divided into four periods. It was no longer able to reflect the 
reality of astronomical phenomena, thus becoming extremely discordant 
with scientific spirits. Nevertheless, some later scholars still adhered to 
Wang Zhen-duo’s restoration model [7-10], even though it was unable to 
justify itself whenever compared with the original text. 

According to the application of Clepsydra Time Law, the wheel for 
indicator arrows of the Geng Dian Time Law was a database. There were 
61 indicator arrows placed on this wheel. The nighttime Geng Dian Time 
Law fluctuated in its time recording. As the length of the night varied with 
seasonal changes and solar terms, the 61 arrows were set in a year (365.25 
days), and each arrow was used approximately for 6 days. To achieve a 
better identification, the length of each arrow was designed in proportion 
to that of the corresponding night. On each arrow was written the time and 
record of its use, such as the sunrise and the sunset of that period, how 
many ke and fen (4}) were included in each geng, and how many ke and 
fen were there within each dan. In this case, it was very convenient that the 
position of the pegs (teeth) on the wheel for striking nighttime by zheng, 
and the position of the puppets on the wheel for puppets reporting the 
Clepsydra Time Law, adjusted to seasonal changes according to the data of 
the corresponding arrow on the wheel for indicator arrows of the Geng 
Dian Time Law. Moreover, this application not only conformed to the 
actual record on the original text, but also conformed to the scientific spirit 
of Su Song’s clock tower. In the old record of the clepsydra law, 41 arrows 
and 48 arrows were successively used. Here the use of 61 arrows was a 
vital evidence of Su Song’s high standard on time precision. 

The motion of Su Song’s clock tower was controlled by the escape- 
ment regulator, which was made up of the time steelyard-clepsydra 
device and the water wheel lever escapement [2]. The time steelyard- 
clepsydra device operated through the use of the repetitive accumulation of 
energy and the periodic release of energy regulated water flow in the two- 
level float clepsydra. The periodic swing of the clepsydra was thus under 
control enabling the water wheel lever escapement to maintain a precise 
and accurate intermittent motion. In this way, the day and night time- 
keeping wheel could uniformly rotate one turn per day. 

The day and night time-keeping wheel rotating one turn per day was a 
design objective and constraint when Su Song was building this clock 
tower. So the design of the tooth number of the time-keeping transmission 
gear became the focus. This entailed some problems, such as the time pre- 
cision of the whole machine, the sequence of the cam striking device, and 
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the reporting order of the puppets of the time-keeping wheel. With regard 
to the precision of time keeping, it was the tooth number of the time- 
keeping transmission gear that determined the precision of the time-telling 
system. This wheel had 600 teeth. To make one turn in a day, this machine 
was running up to 100 ke for a full day and night which totaled 6,000 fen. 
So when the wheel turned one tooth, it went 10 fen. When it turned six 
teeth, it was 1 ke. The reading precision almost equaled 10 fen (144 s). 
Hence the time-keeping precision of the escapement regulator of Su 
Song’s clock tower must be higher than 144 s. Such precision mainly de- 
pended on the time steelyard-clepsydra device. Derived from the record in 
the Song Dynasty (AD 960-1279) and the experiment of modern restora- 
tion, the reading precision of the clepsydra was proved to be less than 14.4 s; 
otherwise the time-keeping precision was possible to reach 10“ [2]. This 
proved the fact that the design and completion of the time-keeping trans- 
mission gear possessing 600 teeth was a reasonable device. 


6.2 Su Song the Man 


A native of Tongan in Quanzhou (currently Tongan in province Fujian), 
Su Song, also known as Zi Rong (4-4), was born during the 4th year of 
the reign of Emperor Zhen Zong (AD 1020) during the Northern Song 
Dynasty (AD 960-1126). He died in the Ist year of the reign of Emperor 
Hui Zong (AD 1101) at age 82 [11]. 

Su Song was born to a family of imperial officials. His father, Su Shen 
(@«#H), attained their rank of Jinshi (%--) metropolitan graduate in the 
3rd year of the reign of Emperor Ren Zong (AD 1019), and became a liter- 
ary attendant during the reign of Emperor Ren Zong. At an early age, Su 
Song received a fine education and strict training from his father, and grew 
up to become an assiduous reader. At age 23, Su Song began his career as 
a public official after he passed the Jinshi examination during the 2nd year 
of the reign of Emperor Ren Zong (AD 1042). Su Song served as a local of- 
ficial and later served with the imperial government in the capital city. 
Over the years, he also served in other places on several occasions. During 
the Ist year of the reign of Emperor Zhe Zong (AD 1086), Su Song was 
recalled to the capital city to become a minister of justice, a minister of 
personnel and academician on the waiting list, an academician with the 
imperial academy reviewing imperial edicts, and a royal secretary. Su 
Song was a chancellor for 9 months from 7th to 8th year of the reign of 
Emperor Zhe Zong (AD 1092), after which he resigned. After Su Song left 
his post as a chancellor, he again served as a local official. During the 4th 


174 Chapter 6 Su Song’s Escapement Regulator 


year of the reign of Emperor Zhe Zong (AD 1097), Su Song, at age 78, 
finally resigned from public office and lived in Jingkou (now Zhenjiang in 
province Jiang Su) until his death. Su Song was posthumously promoted to 
the post of imperial examiner and Wei Guo Gong (#75), and bestowed 
the title of Zheng Jian ({Efij). “To maintain fairness in discussions, remain 
upright in the handling of affairs, avoid having favors with the powerful 
and influential, and not to organize private hordes” were Su Song’s guid- 
ing principles [7]. 

Su Song was a learned and diligent scholar whose academic achieve- 
ments surpassed his political accomplishments. His major contributions 
include the compilation of the book Illustrated Canon of Meteria Medica, 
also named Ben Cao Tu Jing (A5/eI#%) , the direction in the design and 
creation of a water-powered armillary sphere and celestial globe namely 
Shui Yun Yi Xiang Tai (7k 34 4g & 4), and authorship of the book New 
Design for an Armillary Sphere and Celestial Golbe, also named Xin Yi 
Xiang Fa Yao (#rfReRA ED. 

Su Song compiled the Illustrated Canon of Materia Medica when he 
was an official editor of Chinese classics and medical texts. The book was 
completed in the 6th year of the reign of Emperor Ren Zong (AD 1061). 
The Illustrated Canon is a compilation of illustrated information on herbal 
medicines from all over China. Since the explanations in the original 
version were inconsistent and vulgar, Su Song compiled, sorted, classified, 
and catalogued the information. In addition, he refined the writing and 
scrutinized the facts. The Illustrated Canon not only showed the survey of 
available medicines in China at that time, but also provided information on 
those from foreign lands. It also contained many historical medicinal 
literature and medical records from before the Song Dynasty (AD 960— 
1279). Due to Su Song’s effort, the book is China’s greatest illustrated 
compilation of herbal medicines. For this reason, many later literary works 
often used the Illustrated Canon of Materia Medica as a reference. 

The water-powered armillary sphere and celestial globe (Shui Yun Yi 
Xiang Tai) exemplifies achievement in astronomy and mechanical engi- 
neering during the 11th century of ancient China. The armillary sphere was 
built by Han Gong-lian and other technicians of the astronomical obser- 
vatory office under the direction of Su Song from AD 1086 to 1092. The 
armillary sphere tower is a mechanism that integrated the functions of 
the armillary sphere, celestial globe, and mechanical clock. However, 
the large-scale water-driven astronomical clock tower was destroyed 
when the Mongolians invaded the capital city. Fortunately, Su Song had 
written down the origin and creation process, and had drawn pictures of 
the entire mechanism as well as its components in his book New Design 
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for an Armillary Sphere and Celestial Globe (Xin Yi Xiang Fa Yao). His 
work introduced the water-driven armillary sphere to the world. The book 
contains 63 pictures where 14 are astronomical diagrams and 49 are me- 
chanical drawings. Each illustration contains explanations of the name, 
dimension, construction, and movement of every component. The book is 
an important technological reference for later generations, especially in as- 
tronomical and mechanical researches. 


6.3 Su Song’s Escapement Regulator 


Literature researches show that the earliest escapement regulators were 
invented in ancient China. Yet, because literature on the subject is limited, 
present day scholars have different opinions about when the first 
escapement regulator was invented and who had invented it [7, 12-14]. 
Some scholars believe that the original creators were Buddhist monk Yi 
Xing (—77J) and Liang Ling-zan (427958) in the Tang Dynasty (AD 618— 
906), while others believe that Zhang Si-xun (4 Eiglll) or Su Song and Han 
Gong-lian in the Northern Song Dynasty (AD 960-1126) were the first 
inventors. Furthermore, the article Annals on Metrology and Calendar of 
the History of Song Dynasty (7<51 - f###iE) about the device ji heng 
(5&4, an astronomical clock) made by Wang Fu (= #if#) in AD 1124 reads: 
“... the escapement regulator used in jin heng originated from that made 
by monk Yi Xing during the Tang Dynasty.” [15] This passage suggests 
that although Su Song’s water wheel steelyard-clepsydra device was an 
example of a successful escapement regulator, it was not the first such 
device invented in ancient China. As for the other inventors, because of 
incomplete historical records or lack of diagrams, the actual structures of 
their inventions remain largely unknown. Although in AD 1958, Joseph 
Needham reaffirmed that “There are enough materials to prove that the 
first water wheel linkwork escapement mechanism was invented by Yi 
Xing and Liang Ling-zan in 720 AD” [16], he was still unable to provide a 
mechanism diagram of the device. These are common difficulties scholars 
encounter, when exploring ancient machinery, especially in reconstruction 
research on lost machinery that was documented but lack physical evidence. 
Among these possible inventors, only Su Song wrote the book New 
Design for an Armillary Sphere and Celestial Globe during the period of 
AD 1088 to 1096 [5], documenting in detail the structure, components, and 
diagrams of the motion and structure of the water-powered clock tower. 
The book clearly describes how the time steelyard-clepsydra device and the 
water wheel lever escapement worked in unison to perform the isochoric 
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and intermittent timekeeping function. The book enabled the escapement 
regulator using the water wheel and steelyard-clepsydra mechanism to be 
handed down to future generations. 

Su Song’s clock tower reflected Ancient Chinese achievements in both 
astronomy and mechanics during the 11th century. This outstanding 
mechanical design included the water wheel power device, the two-level 
noria device, the two-level float device, the water wheel lever escapement 
mechanism, the programmable cam mechanism, and the time-telling 
device. The mechanisms and mechanical components used included gears, 
chains, linkages, ratchets, cams, hinges, and sliding bearings. Among the 
mechanisms, the escapement regulator made up of the time steelyard- 
clepsydra device and the water wheel lever escapement (Figure 6.8) 
already had the functions and capabilities of the escapement regulators of 
modern mechanical clocks. 

The time steelyard-clepsydra device was composed of a two-level float 
clepsydra device, a water-receiving scoop, a lower balancing lever, a lower 
weight, and a checking fork. The two-level float device included an upper 
reservoir and a constant-level tank. The book New Design for an Armillary 
Sphere and Celestial Globe read [5]: “The constant-level tank had a water- 
level marker. Water was lifted to a reservoir and poured into the upper 
reservoir. A constant-level tank was used to regulate water flow to 
maintain constant the speed and amount of water flowing from the upper 
reservoir. Water then flowed into the water-receiving scoops on the driving 
wheel. Since the water flow was maintained constant throughout the day, 
accurate time measurement was ensured. ... A lower balancing lever and a 
lower weight were located above the stopping tongue of the upper 
balancing lever. A free-spinning axle was located at the center of the lower 
balancing lever, which was held in place by two plates installed at the 
crossbar located at the north-south direction of the stand holding the 
constant-level tank. The tip of the lower balancing lever was a checking 
fork, which alternately checked and released the water-receiving scoops on 
the driving wheel. The lower weight was located on the opposite end of the 
lower balancing lever, which would rise or lower ee in accordance with 
the amount of water inside the water-receiving scoop.” © 72 7ka LAVEZK 
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Left upper lock (77 *##) 09 Upper stopping tongue ([gi =) 
Upper stopping device (AJ) 10 Water-withdrawing tank (i 7k 2%) 
Right upper lock (47 K#8) 11 Driving wheel (Alii) 

Upper balancing lever (Kj) 12 Water-receiving scoop (7K #) 


Upper weight (K##) 13 Checking fork (f§%Z) 
Connecting rod (K(k) 14 Lower balancing lever (4fii(#y) 
Upper reservoir (7) 15 Lower weight (#ii##) 


Constant-level tank: a cutaway view (287k az) 


Figure 6.8 Escapement regulator of Su Song’s clock tower [3] 


178 Chapter 6 Su Song’s Escapement Regulator 


The water wheel lever escapement was made up of the driving wheel, 
the left and right upper lock, the upper stopping device, the upper 
balancing lever, the upper weight, the connecting rod, and the upper 
stopping tongue. The driving wheel (Figure 6.9) transformed the potential 
energy from the water level to drive the entire machine, and acted as the 
escape wheel as well. And, Figure 6.10 shows the upper balancing lever 
mechanism in Su Song’s clock tower. 


Driving wheel ( #4 ) 


i aa Iron pin (44% F ) 


Water-withdrawing tank 


(iB ) 


Figure 6.9 Driving wheel of Su Song’s clock tower [5] 


The book New Design for an Armillary Sphere and Celestial Globe in- 
dicated [5]: “An upper balancing lever was mounted above the driving 
wheel, with a metal axle installed at the center of the lever. “Camel backs” 
were mounted on the cross-bar, on which were two metal plates. The metal 
axle was installed in between these metal plates, thus enabling the upper 
balancing lever to rotate freely. An upper weight was hanged at one end of 
the upper balancing lever, while an upper stopping device was connected 
to the other end. A chain-like connecting rod was connected to the right of 
the upper balancing lever, between the axle and upper weight. The length 
of the connecting rod was determined by the position (height) of the driv- 
ing wheel. There was an upper stopping tongue with a metal axle con- 
nected to its end. The axle was mounted on a cross-bar in the north-south 
direction of the stand holding the constant-level tank, allowing it to rotate 
freely. The front end of the stopping tongue was connected to the end of 
the connecting rod; when the stopping tongue turned downward, the upper 
stopping device would be pulled upward. There were also left and right 
upper locks, with axles connected at the end of the locks. Axles were in- 
stalled at the cross-bars on the two left and right posts. The left and night 
upper locks were installed in opposite directions to check and release the 
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01 Upper stopping device (A[#J]) 08 Connecting rod (K(f) 
02 Right upper lock (474A) 09 Lower weight (#iii##) 


03 Camel back (§¢iI4) 10 Lower balancing lever (#{ii##{) 

04 Upper balancing lever (Kf#j) 11  Water-withdrawing tank GR7k a) 
05 Upper weight (Af) 12 Checking fork (#§%Z) 

06  Cross-bar (ff) 13 Upper stopping tongue (4) 


07 Left upper lock (EK #8) 14 Shutting axle ({##)##H) 


Figure 6.10 Upper balancing lever mechanism in Su Song’s clock tower [5] 


The time steelyard-clepsydra device used the repetitive accumulation 
of energy and the periodic release of energy to regulate water flow in the 
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two-level float clepsydra. The periodic swing of the clepsydra was thus 
controlled to enable the water wheel lever escapement to maintain a pre- 
cise and accurate intermittent motion. The result was precision time keep- 
ing. The book New Design for an Armillary Sphere and Celestial Globe 
contained a detailed description of its operation [5]: “Operations of Su 
Song’s clock-tower start from lower water-raising tank. ... Water from the 
upper reservoir flowed into the constant-level tank through the siphon, 
where it was fed to the water-receiving scoops on the driving wheel 
located to the west of the tanks. The bottom of the water-receiving scoops 
ran counter to the metal checking fork on the lower-balancing lever, and 
the checking fork was used to check and release the water-receiving 
scoops. When empty, the water-receiving scoop was locked in place by the 
checking fork, allowing the scoop to receive water coming from the siphon. 
When full, the scoop pressed down on the checking fork, and the iron pin 
at the outer edge of the scoop would disengage the upper stopping tongue 
located beneath the checking fork, which would pull on the connecting rod. 
When pulled, the connecting rod raised the front of the upper balancing 
lever, jerking open the left upper lock and the upper stopping device. This 
would release the drive wheel, allowing it to turn one spoke due to the 
imbalance between the empty scoops on the one side and the full scoops 
on the others. At this point, the upper stopping device would engage with 
the left upper lock, allowing water from the previous water-receiving 
scoop to be emptied into the water-withdrawing tank. At the same time, 
the upper stopping device and the upper lock worked together to lock in 
place the next water-receiving scoop as it descended. The right upper lock 
prevented the wheel from recoiling and turning backwards. When the next 
scoop was released, the water would again be emptied into the water- 
withdrawing tank. Water in the water-withdrawing tank then flowed into 
the lower water-raising tank through an opening at the bottom of the tank. 
The action would then begin another cycle, enabling the astronomical 
clock to continue its non-stop operation.” " 7K3#i,Z HIRATA Bae >... Ath 
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6.4 Reconstruction Design 


In what follows, the procedure of the reconstruction design methodology 
shown in Figure 4.1 is extended to generate all possible design concepts of 
Su Song’s escapement regulators. 


6.4.1 Design specifications 


Escapement regulators are important features of mechanical clocks. They 
consist of two major parts: an oscillator and an escapement. The oscillator 
is a device that generates isochronous and periodic motion; the escapement, 
on the other hand, is a motion-controlling mechanism. The escapement 
regulator relies on the periodic vibration of the oscillator to maintain 
accurate and uniform intermittent motion in the escapement; it thus func- 
tions as a speed regulator. 

The development of ancient Chinese escapement regulators lies in the 
knowledge of clepsydra and lever technologies. In ancient China, appli- 
cations of clepsydra and lever mechanisms were ubiquitous, with steady 
improvements in the structures, forms, and accuracy documented in his- 
torical records. The clepsydra, utilizing the steady flow of water from a 
reservoir and an arrow to indicate time, was the predominant timer used in 
ancient China. As for their structures, the floating clepsydra and the 
steelyard-clepsydra were the two major types. There were also improved 
mercury-driven and sand-driven clepsydras that were used to avoid the 
defect of water-driven clepsydras. The most popular lever mechanisms in 
ancient China were the jie gao (*§#, a labor-saving lever with unequal 
arms) and heng qi (#4, a weighing apparatus) as previously presented in 
Section 3.3. An escapement can be made by integrating the jie gao as a 
force amplifier and the heng qi as a weight comparator to control the 
motion of the water wheel. 

Thus, the design specifications of a water wheel steelyard-clepsydra 
device are as follow: 

1. It is an escapement regulator. 

2. It has a water wheel. 

3. It has an independent input that has an isochoric and intermittent motion. 
4. It has an escapement that can control the water wheel motion. 

According to the result of a literature research, the picture of the water 
wheel steelyard-clepsydra device used in Su Song’s clock tower is clear as 
shown in Figure 6.8. It was composed of a time steelyard-clepsydra device 
and a water wheel lever escapement, which was a unique feature of 
escapement regulators in ancient China. 
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The time steelyard-clepsydra device generated uniform and periodic 
motion by integrating a balancing mechanism with a two-level float- 
clepsydra. It consisted of the following components: an upper reservoir, a 
constant-level tank, a water-receiving scoop, a lower balancing lever, a 
lower weight, and a checking fork. 

The water wheel lever escapement was composed of a ratchet macha- 
nism and an upper balancing lever. It received the regular momentum 
produced by the oscillation system, enabling it to generate periodic vibration 
to check and release the intermittent motion of the driving wheel. Its mecha- 
nical members included a driving wheel, left and right upper locks, an upper 
stopping device, an upper balancing lever, an upper weight, a connecting 
rod, and an upper stopping tongue. 

By repeatedly accumulating and periodically releasing energy, the time 
steelyard-clepsydra device can be used to regulate the two-level float- 
clepsydra to a constant speed and to control the oscillating frequency of 
the steelyard-clepsydra. This is how the water wheel lever escapement 
maintains the accurate and isochoric intermittent motion necessary to 
precisely track time. 

Figure 6.11 shows the corresponding mechanism sketch of Su Song’s 
water wheel steelyard-clepsydra shown in Figure 6.8. The driving wheel 
(K2, a water wheel) is the power wheel of the whole clock tower. It uses a 
wheel axle to transmit power to the armillary sphere, the celestial globe, 
and the time-telling device through a gear transmission mechanism. The 
wheel axle is adjacent to the frame (Kg) with a revolute joint (Jp). The time 
steelyard-clepsydra device is an oscillator, using the water-receiving scoop 
(Ke) to output isochoric periodic movement. The water-receiving scoop is 
adjacent to the driving wheel with a revolute joint. The upper balancing 
mechanism is a kind of lever mechanism. Its upper stopping tongue (Ks), 
which receives the isochoric and intermittent momentum from the water- 
receiving scoop, is adjacent to the frame with a revolute joint. The joint 
incident to the upper stopping tongue and the scoop is a cam pair (Ja). 

The connecting rod (K,) is similar to a chain. It is a flexible member 
which transmits long-range motion and power between the upper balanc- 
ing lever (K3) and the upper stopping tongue. Its topological structure is 
equivalent to a rigid link, with revolute joints incident to the upper balanc- 
ing lever and the upper stopping tongue respectively. The upper balancing 
lever is adjacent to the frame with a revolute joint and connects with the 
driving wheel by an upper stopping device. The purpose of such design is 
to control the movement of the upper balancing lever in an up-and-down 
order, and thereby acts accurately on the check and release motions of the 
driving wheel. However, no detailed descriptions about the upper stopping 
device can be found in historical records. Nevertheless, in the conceptual 
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design stage, it is not necessary to focus on its complete specifications. It is 
considered as a planar pair with two degrees of freedom, an upper stopping 
joint denoted as Jy. And, the corresponding topology matrix Mr is: 


Figure 6.11 Mechanism sketch of the water wheel steelyard-clepsydra device 


where the diagonal element is the member type; the upper-right 

nondiagonal element is the joint type; the lower-left nondiagonal element 

is the joint label. 
The characteristics of the topological structure of this design are: 

1. It is a planar six-bar mechanism with eight joints. 

2. It has a ground link (member 1, Kg), a water wheel (member 2, K,), an 
upper balancing lever (member 3, K;), a connecting rod (member 4, K,), 
an upper stopping tongue (member 5, Ks), and a water-receiving scoop 
(member 6, Ke). 

3. It has one upper stopping joint (Jr), one cam joint, and six revolute 
joints. 

4. It has one degree of freedom. 

5. It has one ground link with multiple incident joints. 
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6.4.2 Generalized kinematic chains 


Once the design specifications and topological characteristics of the water 
wheel steelyard-clepsydra device are obtained, the next step of the recon- 
struction design methodology is to obtain the atlas of generalized kinematic 
chains with six members and eight joints. And, there are nine (6, 8) genera- 
lized kinematic chains, as shown in Figure 4.14 and again shown in 
in Figure 6.12. 
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Figure 6.12 Atlas of (6, 8) generalized kinematic chains for waterwheel steelyard- 
clepsydra device 


6.4.3 Specialized chains 


Once the atlas of generalized kinematic chains is obtained, all possible 

specialized chains can be identified according to the following substeps 

subject to required design constraints: 

1. For each generalized kinematic chain, identify the ground link (link 1, 
Ka) for all possible cases. 
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2. For each case obtained in step 1, identify the waterwheel (link 2, K,). 

3. For each case obtained in step 2, identify the water-receiving scoop (link 
6, Ke). 

4. For each case obtained in step 3, identify the upper balancing lever (link 
3, Ks). 

5. For each case obtained in step 4, identify the upper stopping tongue 
(link 5, Ks). 

6. For each case obtained in step 5, identify the connecting rod (link 4, K4). 

Design constraints are determined based on the concluded topological 

structures of Su Song’s waterwheel steelyard-clepsydra device. However, 

based on the result of literature research, the output link (water-receiving 

scoop, link 6) of the time steelyard-clepsydra device does not necessarily 

have to lie on the waterwheel. Consequently, the adjacency constraint of 

link 6 and link 2 is released, and the process of specialization is carried out 

with two different cases. One is that the water-receiving scoop lies on the 

waterwheel, 1.e., link 6 lies on link2; the other is that the water-receiving 

scoop does not lie on the waterwheel, i.e., link 6 does not lie on a link. 


Case 1: link 6 lies on link 2 

The design constraints for this case are as follows: 

Ground link (link Kg) 

1. In each generalized kinematic chain, there must be one ground link as 
the frame. 

2. The ground link must be a multiple link. 

Driving wheel (link 2) 

1. Link 2 is adjacent to the ground link with a revolute joint (Jk). 

2. Link 2 is adjacent to link 3 with an upper stopping joint (J>). 

Water-receiving scoop (link 6, the output link of time steelyard-clepsydra 

device) 

1. Link 6 is the input link of the waterwheel steelyard-clepsydra device. 

2. Link 6 must be a binary link. 

3. Link 6 must lie on link 2. 

4. Link 6 cannot be adjacent to the ground link. 

Lever mechanism (including links 3—5) 

1. Link 3 is adjacent to link 2 with an upper stopping joint (Jr). 

2. Link 3 or link 5 is adjacent to link 6 with a cam joint (Ja). 

3. If link 5 is adjacent to link 6, then link 5 operates directly or indirectly 
on link 3. 

4. If link 5 is not adjacent to link 6, then links 5 and 4 are mutually 
interchangeable. 

According to the process of specialization, four feasible specialized chains 

are obtained as shown in Figure 6.13. 
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Figure 6.13 Atlas of feasible specialized chains for waterwheel steelyard- 
clepsydra device (link 6 on link 2) 


Case 2: link 6 does not lie on link 2 

The design constraints that are different from Case | are: 
1. Link 2 must be a binary link. 
2. Link 6 must not be adjacent to link 2. 
3. Link 6 is adjacent to the ground link with a revolute joint (Jp). 
According to the process of specialization, four feasible specialized chains 
are obtained as shown in Figure 6.14. 


6.4.4 Reconstruction designs 


In general, it is not possible to follow specific procedures to obtain new 
and ideal results for particularization. However, in order to improve their 
availability, only the motion and function requirements of mechanical 
devices are taken into account and the types of links and joints are kept 
unchanged. 

Therefore, through particularizing the atlases of specialized chains 
shown in Figure 6.13 and Figure 6.14, a total of eight corresponding 
waterwheel steelyard-clepsydra mechanisms with a four-bar linkage are 
obtained as shown in Figure 6.15 and Figure 6.16, respectively. These 
four-bar linkages should have the functions of toggle effect or lever 
(weighing) effect. There is only one water flow circuit in the atlas of Case 
1 (link 6 lies on link 2). There are two water flow circuits in the atlas of 
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Case 2 (link 6 does not lie on link 2). One of the water flow circuits is used 
to pour the water-receiving scoop of the steelyard-clepsydra. The other is 
used to pour the scoops of the waterwheel and is the main power source. 
Therefore, the water-receiving scoops of the waterwheel are fixed on the 
waterwheel without relative motions. 
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Figure 6.14 Atlas of feasible specialized chains for waterwheel steelyard- 
clepsydra device (link 6 not on link 2) 


Including the original design shown in Figure 6.8, eight reconstruction 
designs of the waterwheel steelyard-clepsydra device with a four-bar 
linkage are obtained. Furthermore, Figure 6.17 shows the corresponding 
3D solid model of the mechanisms in Figure 6.15 and Figure 6.18 shows 
the corresponding 3D solid model of the mechanisms in Figure 6.16. 
Furthermore, Figure 6.19 shows a physical reconstruction design of Su 
Song’s waterwheel steelyard-clepsydra device. 


6.5 | Escapement Regulator and Modern Mechanical 
Clocks 


Modern and ancient mechanical clocks in China and abroad are composed 
of five major elements: a power device, an oscillator, an escapement, a 
transmission mechanism, and a display device. The escapement regulator, 
which is made up of the oscillator and the escapement, is a critical 
mechanical clock technology that determines the accuracy of mechanical 
clocks. 
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Figure 6.15 Atlas of feasible designs for the waterwheel steelyard-clepsydra 
device with four-bar linkage (link 6 on link 2) 
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Figure 6.16 Atlas of feasible designs for the waterwheel steelyard-clepsydra 
device with four-bar linkage (link 6 not on link 2) 
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Figure 6.17 Solid models of the reconstruction designs of Figure 6.15 
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Figure 6.17 (Continued) 
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Figure 6.18 Solid models of the reconstruction designs of Figure 6.16 
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Figure 6.18 (Continued) 
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Figure 6.19 A physical reconstruction design of Figure 6.16 
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The purpose of the oscillator is to divide time into a stream of uniform 
segments. Oscillations in modern mechanical clocks and watches may be 
produced by either a weight or a spring [17]. In the weight system, the 
motive force is generated through the coaction of the centrifugal force of 
mass and the earth’s gravity, such as in a pendulum. The weight system is 
used for clocks intended to be kept in one place. The spring system uses 
the centrifugal force of mass and the tension in springs for its continued 
operation, such as in a balance. Both the weight and the spring system used 
the escapement for the transmission of energy, unlike the time steelyard 
device used in Su Song’s clock tower. In the time steelyard device, motive 
force came from the uniform water flow from the constant-level tank; the time 
steelyard device used the repetitive accumulation of energy and the periodic 
release of energy to meet the requirements of “uniformity.” 

Escapements are intermittent motion devices. Modern mechanical 
clocks and watches use different types of escapements, which convert 
circular motion into intermittent, back-and-forth motion. Escapements 
perform two major functions: to distribute energy to the oscillator to 
maintain movement; and to transmit driving forces to the hands, which 
display time. The anchor escapement, whose escape wheel is supported by 
the last pinion of the gear train (Figure 6.20), has the widest range of usage. 
On the other hand, the escape pallet and fork transforms the rotating 
movement into a back-and-forth motion and transmits impulses to the 
balance in order to produce oscillations. In return, the pallet receives the 
oscillation of the balance. This rhythmical order synchronizes and 
measures out the speed of the escape wheel by allowing only one tooth to 
escape at each vibration or semi-oscillation. The escapement governs the 
rotating speed of the escape wheel and the gear train, and prevents the 
mainspring from unwinding too quickly. 

The water wheel linkwork escapement does not distribute energy onto 
the oscillator; rather, it receives impulse resulting from the periodic 
movement of the oscillating system. A periodic movement thus results, 
and the intermittent motion of the check-and-release driving wheel is used 
to govern the rotational speed of the driving wheel and the transmission 
system. 

In the escapement regulator, the movement of the oscillator and the es- 
capement should be highly synchronized to regulate the flow of energy and 
to enable the gear train to maintain a uniform motion. The first escapement 
regulator in Europe was the verge foliot escapement regulator (Figure 
6.21), which was invented during the early 14th century [18]. Due to its 
low oscillating frequency, each oscillation resulted in error margins; thus a 
higher oscillation frequency was needed to increase its accuracy. By the 
17th century, the verge foliot escapement regulator ultimately gave way to 
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pendulums and the balance. Different kinds of escapements may be used 
with the pendulums and the balance, such as the anchor escapement and 
recoil escapement. However, mechanical clocks have their inherent mar- 
gin of error and the development of science and technology called for 
more accurate and precise time-keeping instruments. 


Roller table 


Pallet fork 


Pallet Jewel 


Escape Wheel 


Figure 6.20 Anchor escapement [2, 18] 


During the 20th century, electronic watches became very popular due 
to the invention of microelectronics and the knowledge of microelectronic 
materials. The escapement regulator was no longer the only mechanical 
type. By the 1950s, tuning fork electronic watches started to appear on the 
market. In these watches, the tuning fork oscillating frequency which tunes 
to the pulses coming from a driver coil was used as a basis for time 
keeping. The escapement was also replaced by a ratchet mechanism. 
During the 1960s, the watch-making industry made use of the high 
frequency and high stability of quartz oscillation, using electrical circuits 
to drive a step motor or integrated circuit with functions similar to that of 
an escapement. These quartz watches were accurate to within 0.1 s a day 
[19]. 

Calibration through astronomical observations is required to ensure 
accurate time keeping. Yet even universal time, which was derived from 
astronomical observations, could only attain an accuracy of 10° s. Moreover, 
such a degree of precision was insufficient to meet the growing demands of 
science and technology, especially those of military and aviation. Currently 
the most precise time-keeping devices are the Cs-beam atomic clocks. In this 
clock, cesium-133 atoms are subjected to microwave radiation, and the 
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frequency of microwave radiation is then used as a basis to determine time. 
The cesium-atom clock has an accuracy of up to 10°" s, equivalent to an 
error of about 1 s in 300,000 years. Thus, the definition of a second is no 
longer based on astronomical observations of the earth’s revolution; rather, 
it is defined as “the duration of 9,192,631,772 periods of radiation that 
causes the cesium-133 atoms to make the transition between two closely 
spaced, or hyperfine, energy states.” [20]. The extreme accuracy of the 
atomic clock is an important driver in the advancement of science and 
technology. 
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Figure 6.21 Verge foliot escapement regulator [2, 18] 


6.6 Remarks 


Mechanical evolution is inevitable, so the existence of every mechanism 
and machine has its own evolutionary history. In-depth exploration of the 
evolution process of scientific theories and techniques of ancient times not 
only yields appropriate reconstruction designs, but innovations can also be 
made by reviewing historical artifacts. 

The reconstruction design of ancient Chinese escapement regulators is 
based on Su Song’s water wheel steelyard-clepsydra device as an available 
design. It is noted that two tasks in the reconstruction design process can 
be very flexible. They are the establishment of design constraints and the 
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application of mechanical evolution and variation theory. The former var- 
ies according to literature research results as well as the designers’ subjec- 
tive considerations, while the latter depends on the scientific theories and 
techniques of the subject’s time period. Through an optimal integration of 
these two approaches, feasible reconstruction designs can be obtained. 
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Chapter 7 South-pointing Chariots 


Many ancient Chinese legends refer to the mysterious invention of the 
south-pointing carriage. It was a chariot on which was mounted a figure 
with an outstretched arm that continuously pointed south no matter which 
way the chariot turned. This device is called the south-pointing chariot and 
is found in literary records but without surviving hardware. However, 
various reconstructions of its designs have existed in past years. 

This chapter systematically reconstructs all feasible designs of south- 
pointing chariots that meet the scientific and technological standards of the 
subject’s time period [1—3]. Historical records and background of south- 
pointing chariots are introduced first. Then, topological structures of 
existing designs are analyzed and the design requirements and constraints 
for the structural synthesis regarding the mechanisms of south-pointing 
chariots are concluded. Special representations to identify different axial 
directions of joints and characteristics of members are defined. Finally, 
six design examples based on different design specifications are illustrated. 


7.1 Ancient Literature 


There were various literary works regarding south-pointing chariots in 

different dynasties in ancient China. Major historical records are as follows: 

1. Gu Jin Zhu (Notes on Antiquity and Present Days), Vol. 1, Yu Fu No. 
1 (aE: GE: BARES —) [4] 
The south pointing chariot originated from the Yellow Emperor. 
During the battle of Zhuolu, Chi You conjured up thick fog that 
blurred the vision of the Yellow Emperor’s men. The Yellow Emperor 
thus invented a south pointing chariot to find direction, and captured 
Chi You. " fHRR HERR GE Ty. BEE CCERIKEE EF > EOELE ARE ° 
Fak > PEPFISRAHEDURO A > RHEE. 
“Another version has it that Zhou Gong invented the south pointing 
chariot. When Zhou Gong ruled the land, Shang of the land of Yue sent 
presents. The emissary could not find his way back; thus, Zhou Gong 
gave him five chariots that pointed south.” ° 222% }A\ZSFRVE > FAIZS BX 


199 


200 Chapter 7 South-pointing Chariots 


ACB > CSE ECHR > BERBER > AIC > ES 
AMAZE. 3 

2. ZhiLin (EH) [5] 
The Yellow Emperor battled with Chi You at Zhuolu. Chi You conjured 
up three days of fog, and the soldiers lost their way. The Yellow 
Emperor thus ordered his official is Hou to build a south pointing 
chariot to sree the four directions. © Hi FLFR NEE > 


ay 


HOU EA Sei — Fo AGERS > Tram BVA > (FPSRS HED 
Fi. 3 
3. Huang Di Nei Zhuan (i7# A) [6] 
The Goddess Xuan built a south pointing chariot and a hodometer for 
the Emperor, and put them at the front and back of the vehicle, 
respectively. "YoMama > aR. 


Many later literary works quoted Gu Jin Zhu (Notes on the Antiquity 
and Present Days) «(77 ) [4] regarding south-pointing chariots, such as: 
4. Summary of Zi Zhi Tong Jian (Comprehensive Mirror for Aid in 

Government), Chapter 15 (@yGis#Mi A -4+-4.) [7] 

The Yellow Emperor battled with Chi You at Zhuolu. Chi You conjured 

up thick fog, and the soldiers lost their sense of direction. The 

Emperor thus ordered the building of a south pointing chariot. During 

the reign of Zhou Cheng Wang, Shang of the land of Yue sent an 

emissary to bring presents. The emissary could not find his way home. 


Lop. 


Zhou Gong thus gave him a chariot that PORE south. © sey Ge Tt; 
BX GREE > OGRE ASS ORFE-AAUAT.Z TAPS. JAE 
Ie Ce RIA > BEER ABE > AIDA. 
5. Tai Ping Yu Lan, Chapter 775, Chariots 4 (AAPG Ske: H 
HbPY) [8] 
The south pointing chariot originated from the Yellow Emperor. 
PARE PRT o 
Gui Gu Zi said, ‘Shen of the land of Su gave Zhou Wen Wang white 
pheasant as present. For fear that Shen might become lost on his way 
home, Zhou Gong built a south pointing chariot for Shen. © 448 
Bo: T RATER ICRR HED SCE > EEE RRES > AIA (ESR PS EDGR 
Ze Id 
6. Song Shu, Li Zhi (Annals of Rites) (#233 - ei) [9] 
The south pointing chariot was first built by Zhou Gong, who gave it to 


an emissary from a land far away. When one was lost in direction, the 
device always pointed to the south. " #3R3tRRATSZAPAVE > DURE 


, 


rts 
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SK, SEIZE» PERSP  SEOLELEE > BERAURILHL. s 


The existence of south-pointing chariots in the Han Dynasty (206 BC— 


AD 220) can be inferred from the following references: 
7. Xi Jing Za Ji (PER HEaC) [10] 


10. 


11. 


With a south pointing chariot, one could drive the four-horse chariot 
and stay on course. " AJpa#i > VU > GE. gy 

Song Shu, Li Zhi (Annals of Rites) (RF ee) [9] 

Gui Gu Zi said, ‘When people from the land of Zheng mined for jade, 
they brought a south pointing chariot along to find directions.’ The 
chariot disappeared during the Chin and Han dynasties. Zhang Heng 
of the Late Han period recreated the device, but it was lost during the 
upheaval at the end of the Han Dynasty. ' AfFa5: "BEA RWCE > 
ENP? RNR. gn BYR EIR. BGR > oA 
(ills > HERGEEL > ase. 5 

Wu Du Fu ¢2e-7isHel) [11] 

A south pointing chariot was placed in front to point direction. The 
wheels of the chariot and the chains made noises. ° @xia82E8 > 8R4 
BG > CEA > BRERSS. a 

Wei Lue (Hilt) [12] 

[O]rdered the court academician Ma Jun to build a south pointing 


chariot ... "... CERES SRST «.. 5 
History ae the Three Kingdoms, Wei Shu, Chapter 29 ( =[sdi& - B= 
“Fu [13] 


At the time, there was Ma Jun of Fu Fong, who was very skillful. ... 
Ma Jun engaged in a heated discussion on the south pointing chariot 
with his aide and general. The two did not believe the device had ex- 
isted. Ma Jun said, ‘It existed. It is the want of thought about it, and 
therefore people have forgotten it.’ The two jeered and said, ‘Your 
personal name is Jun and your courtesy name is De Heng. Jun is the 
mold of a device, while Heng is used to measure weight. If there is no 
standard for measuring weight, how can a mold be built?’ Ma Jun 
said, ‘Arguments are useless. We can try to build one to end all argu- 
ments.’ The two requested the Emperor to ask Ma Jun to build a south 
pointing chariot. Upon its completion, the device was unusual and 


staggering, and people became convinced of Ma’s skill. "AK 
$5 > UFR RTE ... SOE RSAG SEE > GUS Apres ete. Babar 
am Oe > SACHS RA EE > "ih $e Fa a a CZ het 
A: "HAZ REA Rew A! y OFZ: 
ASF ie Aaa Ci Meee ZI RE 
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mse! | EA: me PS PAZ Aw. 
RAD BAA RASCAELZ > MSR > IL > MARTY 
DiS Ath > (eek PARAS. 
Song Shu, Li Zhi (Annals of Rites) (“= - jig) [9] 
“Gao Tang-long and Qin Lang of Wei, both learned individuals, were 
arguing in court that the south pointing chariot did not exist and 
historians were mistaken. The Emperor of Wei ordered Ma Jun to 
build the device. When the device was completed, the Wei kingdom 
collapsed and was replaced by that of Jin. " $j itk. ZB 
Zi Pama : RSH > ac as ia. WHE a 
2° MHEMBALEL. 2 
Jin Shu, Zhi, Chapter 25 and Zhi Chapter 15, Yu Fu (#358 --@— 
TH. > i: 38-7: BK) [14] 
The south pointing chariot was lost when crossing the river. It was 
only during the fifth year of Yi Xi when Liu Yu invaded Guang Gu that 
the device was re-discovered. Liu ordered craftsman Zhang Gang to 
repair the device. On the 13th year, Liu occupied Guan Zhong and 
obtained another south pointing chariot and a hodometer. The 
implements were now complete. " #§Pa Hi WHLCK > ReeRe A. 
te > SARE > WAGES > 751 ASRS. tPF > 
‘ERI > SORAIRS. aOR > EMO. 4 
Nan Qi Shu, Lie Zhuan, Chapter 34 and Lie Zhuan, No. 15, Liu Xiu 
CPA ees TN - B= Ts TR- SA: BNK) [15] 
During the late Song Dynasty, the Emperor ordered the building of a 
south pointing chariot based on Liu Xin’s idea. Liu Xiu and Wang 
Seng-qian were ordered to test the device. "27K > KxtfSragHi > DI 
OVA OEE > (ERLE (BRE. 
Nan Qi Shu, Lie Zhuan, Chapter 52 and Lie Zhuan, No. 33, Wen Xue, 
Zu Chong-zhi (FaAee=S - FS BAT > WBS Pa ae. 
mY ) [15] 
In the beginning, when Emperor Wu of the Song Dynasty occupied 
Guanzhong, he obtained the south pointing chariot of Yao Xing of the 
kingdom of Chin. The device had an outer shell but no inner mecha- 
nism; therefore, it had to be set in motion by a man hidden inside the 
device in every trip. During the middle Sheng Ming years of the Song 
Dynasty, Emperor Tai Zu aided state administration and ordered Zu 
Chong-zhi to repair the device according to the ancient method. Tzu 
Chong-zhi repaired the copper device and made its mechanism rotate. 
It indicated directions perfectly, that had not been possible after Ma Jun. 
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At the time, a stallion trainer from the north claimed that he could also 
build a south pointing chariot. Emperor Tai Zu allowed Zu Chong-zhi 
and the trainer built their own version of the device, and tested the de- 
vices at the Le You Park. The device by the stallion trainer did not 


function well and it was burned to destroy. © #JJ > FRE ZA BA > 

WES ra Ee > AON PRR > BET > EAN. ARH 

mA > BE ZIBIE IE. } ee Bl ASS > a) 77 0 
» E84 ee o ARRAALA BR ESHA > DNATA HE > 

mil (5 Bi pt 6 Pe SE A Seal > REA zee > 75S 

ieee 

Nan Qi Shu, Lie Zhuan, Chapter 59 and Lie Zhuan, No. 40, Rui Rui 


Lu (Ras TTL > VIE SBVU- PGS) [15] 

When the king of Rui Rui asked for medicines and implements, 
Emperor Shi Zu’s imperial edict said, ‘It must be understood that 
medicines, textiles, south pointing chariots, time pieces, etc., are 
present, but the artisans who built them are no longer around.’ "7 
AER EY > BRAS: ' RIGA RS Reco. FE 
WaZl >... DERE LAME. 4 1 
Nan Shi, Ben Ji, Chapter 1 and Song Ben Ji, Part 1, No. 1, Wu Di (p¥ 
SE ASR 4B— 3 RAR AC LE oa) [16] 

City Changan was prosperous and wealthy. The emperor collected 
sacrificial vessels, the armillary sphere, sun dial, hodometer, south 
pointing chariot, and jade seal of the Qin emperor, and delivered them 
back to his capital. "RASS > AAR > TR TCU RSS 
fz. hae. ncAE. TERE, RARER CM. 2 
Nan Shi, Lie Zhuan, Chapter 47 and Lie Zhuan, No. 37, Liu Xiu (p¥ 
SE WIE VU 5 FI = to BK) [16] 

At the end of the Song Dynasty, Liu Xiu built a south pointing chariot. 
The emperor ordered him to test it with Wang Seng-qian. " EIR ° 
fae > ei Da IORE > EB Eee eal. 

Jiu Tang Shu, Ben Ji, Chapter 15 and Ben Ji, No. 15, Xian Zong Last 
Part, Yuan He Year 10 (42223 - Ase - A+: Add - Ath: 
In the go eae Shen year, the new south pointing chariot and the 
hodometer were built. Seventy- awe palace officials were sent to place 
the chariot at the city temple. © > Petes. alee > We 
KET a Ar 

Jiu Tang Shu, Ben Ji, Chapter 16 and Ben Ji, No. 16, Mu Zong Li 
Heng, before Chang Qing Year 1 (24/22 - Ato: 4E-7N > Af: 
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Hy 


TA FEAR PIA RBOUF LAB) [17] 
The Cheng De army governor Wang Cheng-zong died. His younger 
brother Cheng-yuan wrote the palace asking for military commission. 
The palace sent Bo Qi, an attendant of the emperor, to console him. In 
the Xin Si year, Jin Gong-liang successfully repaired a south pointing 
chariot and a hodometer. PAC ee fh EE (GER SRA > ELC RT ES 
an zt aphll > eRe MBE. BR SORE 
HAY ALE HEADY EA J 

Song Shi, Ben Ji, Chapter 9 and Ben Ji, No. 9, Ren Zong Zhao Zhen 
One, Tian Sheng Year 5 (7858+ Aid BIL + ANRC BAIL (aR 
— RHEE) [18] 

In the Geng Zi year, an emissary was sent to He Bei to understand and 
appease. In the Jen Yin year, a south pointing chariot was built again. 
In the Xin mee year, banquet was offered in the morning at the Jig 
Ling Palace. " Fe-~- > Ja Ib ACHE, CH > (S/F PSPAHL. 
Pan oe 

Song Shu, Zhi, Chapter 18 and Zhi, No. 8, Li Five (K#-cH- 4+ 
J\3 7S B/\ ie A) [9] 

Shi Hu ordered Xie Fei and Yao Xing ordered Ling Hu-hseng to 
rebuild it. In the 13th year of the Yi Hsi period of Emperor An of the 
Chin Dynasty, Song Emperor Wu conquered Changan and obtained 
the chariot. The chariot was built like a hodometer. A wooden man 
was placed on the chariot that pointed south. The chariot may move in 
any direction, but the wooden man would always point to the south. It 
was placed in front of an imperial convoy. The chariot was built by 
Rong Di people, and the mechanism was not refined. Although the 
mechanism was supposed to point to the south, it was inaccurate. Its 
movements had to be manually corrected. Zu Chong-zhi of Fanyang 
had good ideas and often said that he would rebuild the chariot. Dur- 
ing the latter Sheng Ming period when Qi Wang served as prime min- 
ister, Emperor Shun ordered Zu Chong-zhi to build the chariot. When 
it was finished, it was tested by army motivator and administrator of 
the state capital, Wang Heng-qian, and imperial emissary and minister 
Liu Xiu. They found that the chariot was refined, and no adjustments 
were necessary even after hundreds of rotation. The chariot was also 
referred to as the south pointing vessel during the Chin Dynasty. A 
Suo Lu local, Tuo Ba-tao, ordered his worker, Guo Shan-ming, to 
build the south pointing chariot, but it was not finished for a long time. 
Ma Yue of Fu Fong tried to build one but was killed by San Ming when 
his work neared completion. ©... 7 F2(s HAR > WEEE SIZE BS 
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Fe. Ri TSE REAP RE >? PAI. LMU 
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FETT > HEH AT > BRE A > EIFS 

AER? FAAATHEZ. WAT > ALK : 
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BRAS. Sams Pookie LASS ta aE > RE. ER 
Ati SGS > HEC > SEAR. 

Wei Shu, Li Zhi (#432 - ei) [19] 

During the second year of the Tian Xing period, the Wei emperor 
ordered the rites officer to collect old records to create protocols for 
the imperial convoys. ... One version has it that the convoy was 
composed of thousands of chariots and drivers, where the battle 
chariots were placed in front while the soldiers marched alongside 
and behind shoulder-to-shoulder and leading out. The vanguards rode 
on animal skin cover chariots, their weapons were concealed. The yun 
han chariot had a south pointing device on and a leopard’s tail 
hanging on its back section. © Kif# KH > mie BARR AS. Bl 
SAS DA > ~ELKES ... PaaS. SARRWE{T > HUB SZET > noe 
mw’ 2M. 4 

Jin Shu, Zhi, Chapter 25 and Zhi Chapter 15, Yu Fu (33° - @— 
TH. + 87H: BR) [14] 

The south pointing chariot was drawn by four horses. It was three- 
story high and the four corners were decorated with golden dragons 
and bird’s feathers. A wooden human figure with colorful garb stood 
on the chariot. Regardless of which direction the chariot was facing 
the hand of the figure always pointed south. It was en in front of 
the imperial convoy. © A\ RA HE fae UR. Ea 
> PUPS RHE BIZAGR. BUARTSMILA > RAR > WHE > HAE 
OS TARTS. ABST > PS7CEZRR. 
Nan Qi Shu, Zhi, Chapter 17 and Zhi, No. 9, Yu Fu « py## 
THe 3 a SAT BAR) [15] 

The south pointing chariot was a box with walls adorned with heav- 
enly cloth. Inside the box, there were dragons and peacock feathers 
decorated on the four corners. Black cloth was used as layered cur- 
tains and the wheels were painted with designs. The chariot was pulled 
by a cow and was adorned with copper. © #4Pa Hi > VUFA\RE_E SE > 
FAS H A > TERE. EDU EE ARE PLE 
FES > Foti #20 > Yeti > Ree > PSRRCETT. 
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Shi Shu, Zhi, Chapter 10 and Zhi, No. 5, Li Yi Five (#B-E- 6 
+3 7 SE. EEL) [20] 
The south pointing chariot was placed in front of the convoy every 
time. During the early Han Dynasty, a yu er rode in the chariot that 
led the convoy. Officer Zuo Tai Fu said ‘The south pointing chariot 
was placed in front to point direction with a yu er riding on it.’ Later, 
the driver was discarded and only the chariot remained. © #§Fa HE > 
AE? RCs ZH. BO mansdis - ireschh. AE : 
queers TERRA. » RRM. y 
Jiu Tang Shu, Zhi, Chapter 45 and Zhi, No. 25, ba Fu, Che Yu, Tian 
Zi Che Yu (#6728 > @VU TH: GH - SB— 1A: BAAR BR 
THEE) [17] 
Protocols of Tang Dynasty. The five imperial chariots were jade, gold, 
elephant skin, animal skin, and wood. There were also the geng gen 
chariot, an chariot, and si wang chariot, a total of eight chariots for 
conveying people. There were likewise the south pointing chariot, 
hodometer, white heron chariot, luan qi chariot, pi er chariot, xuan 
chariot, leopard tail chariot, ram chariot, and yellow battle ax chariot. 
The leopard tail and yellow battle ax chariots were not included in the 
convoy during the Wu De period. They were added during the Zhen 
Guan period. The yellow battle ax was changed to golden battle ax 
according to protocols during the Tian Bao period. There were twelve 
chariots for retinues and honor guards were placed before and after 
the emperor’s chariot in the convoy. "... [Fil] >» Kf FRELA KER, 


eit. Ra, AES. ON ERTL > BRL, 2cHi, PUSH > 
CE/\S > 1G ZA. FPA TSE. aL . AR 


pau 


Bu. x 
AOU. RE PRE, ORB Bt. RH. TeSH > OEE. Bei — 
Bi GUREHARR > TI VINES ee ee Oe on 
Hi. BH Poze eRe. KATIE » All Ht > TEA 
fEZA. o 
New Revised Jiu Tang Shu, Zhi, Chapter 44 and Zhi, No. 24, Zhi 


Guan Three, Tai Pu Si (#7#@AH SE -E- A+: eB 4 
PU + Hak’ = - REEF) [21] 

Cheng Huang Shu: one ling official, from the 7th rank down; one 
cheng official, from the 8th rank down; one fu official; two shi officials, 
eight dian shi officials; 140 drivers; an official of goat-driven cart, 
and six zhang gu officials. All these were responsible for handling the 
emperor's chariots, inventory, and animal training. Their secondary 
tasks were to keep records of events, implements, chariots, and uni- 
forms for every five chariots ridden. There were twelve minor chariots: 
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south pointing chariot, hodometer, white heron chariot, luan qi chariot, 
pi er chariot, animal skin chariot, geng gen chariot, an chariot, si 
wang chariot, ram chariot, yellow battle ax chariot, leopard tail char- 
iot, that decorations were recorded in Yu Fu Zhi. ©... Fe: F— 
A» fet hb. B-A> fe/\ PF. FA > BOA > BEER /\ 
A? BEATA > BRUNET AA? SIA K. ar 
Hy > PREZ ZI, ARC. DLR a= 
th. HARI > NATE > AfseE. Al 
SERA PEL. BEE PARE ZC DUS SER Day 
Ai > ERE BIR th. 
New Tang Shu, Zhi, Chapter 23, Vol. 1 and Zhi, No. 13, Vol. 1, Jia 
(Ares = Te aan ; in eae ee) [22] 
[F]ollowed by the zhu que group. Then, followed by the south pointing 
chariot, hodometer, white heron chariot, pi e chariot, and animal skin 
chariot. There were one navigator and fourteen drivers. ... ©... RA 
eR, RIS RIH. aC, AR, ER, GR, BT 
Hi VOR, AISA? ROTA? ...g 
New Tang Shu, Zhi, Chapter 23, Vol. 3 and oe No. 13, Vol. 3, Da Jia 
Lu Bu Gu Chui (T-Sh BOTS: Rs Ta: PAR 
IK) [22] 
For the xiao jia, the yu shi official and the numbers of south pointing 
chariot, hodometer, luan qi chariot, animal skin chariot, elephant-skin 
mu san lu, geng gen chariot, ram-driven chariot, yellow battle ax 
chariot, leopard tail chariot, rhino chariot, small push cart and 
chariots, and bands were reduced to half as compared with the da jia. 
NRE? SOWIE AA. FRE. aco, ee. HT 
7 FEARS. PARE. AH. Bea. Re HL /) 
ae. /|MEL > SRE AUOTAR Bo 
New Tang Shu, Zhi, Chapter 24 and Zhi, No. 14, Che Fu, Tian Zi Zhi 
Che (ras BO PPS > BS PP HR KF ZH) [22] 
There were also ten chariots of retinues: south pointing chariot, 
hodometer, white heron chariot, luan gi chariot, pi er chariot, animal 
skin chariot, ram chariot, geng gen chariot, si wang chariot, and an 
chariot. The chariots in an imperial convoy were placed at the front 
and back, whereas in large gatherings, they were placed on both sides. 


" 7S: —AlfS RSH Aad >» =A Ae > 
FIMPRED > TLAIREREEE > NEI REPEL > tAISEBL > GARE 
BH, ZH He. fT ACR > AIA: ABBE > Rllopze 
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32. 


33. 


34. 


35. 


Xuan He Lu Bu Ji (Ape ac) [23] 
In early Tang Dynasty, the term south pointing chariot was known but 
the chariot was already destroyed. Yang Wu-lian, a skillful builder, 
was ordered to repair the chariot but was unsuccessful. Many chariots 
were built during the middle Kai Yuan period. During the middle Yuan 
He period, craftsman Jin Zhong-yi built a south pointing chariot and a 
hodometer as Emperor Xian Zong watched from the Lin De Palace. 
"Ota HL > AEA. PAE SARE >» Ze cl 
(E> REP REZE. BATCH (FH > Di. TCA Le 
TAzs(” SIL) FR i aL 2 Re OR {ee FB Bie J 
Yu Hai, Che Fu Bu ( Kys- HARES) [23] 
During the tenth year in the Yuan He period of Emperor Xian Zong, a 
new south pointing chariot was built and inspected in the Lin De 
Palace. © 3853 7CRI+ FBT FFE Pa BETA BR DR 
On the 10th lunar month of the 15th year in the Yuan He period, Jin 
a ages restored the south pointing chariot and the hodometer. 
"TAIT OAT AVE eo eae aac Bo. 
Song Shi, aa Chapter 148 and Zhi, No. 101, Lu Bu Yi Fu (#240 - 
“@—AAT/\ 3 A: BA) [18] 
The driver of the geng gen chariot used the phoenix and standing 
grain as design, the jin xian chariot used auspicious rui lin, the ming 
yuan chariot used paired phoenixes, the ram chariot use auspicious 
ram, the south pointing chariot used peacock, the hodometer and 
yellow battle ax chariots used paired geese, the white heron chariot 
used soaring heron, the luan qi chariot used the auspicious luan bird, 
the chong de chariot used pi xie, the animal skin chariot used the tiger, 
the shu chariot used the crane, and the leopard tail chariot used the 
sacha leopard. " ERR FERS DRM sa AR > HED Sie > Hse 
HEDIS VEL > SEX DUHESE > FEPREDIFLHE > SLR, BENDA 
$8) RCRD > NRDORLLERME  SERELLAER > BRP 
Bo? GRLDASSES > SIRBHEDOIZI. 4 
Song Shi, Zhi, Chapter 149 and Zhi, No. 102 (752-7: @—- A 
Tus i F—A—) [18] 
Yu Fu one, five lu chariots, big lu chariot, big push cart, fang-ting- 
nian chariot, phoenix nian chariot, xiao-yao-nian chariot, seven treas- 
ures nian chariot, small yu chariot, yao-yu chariot, geng-gen chariot, 
jin-xian chariot, ming-yuan chariot, ram chariot, south pointing char- 
iot, hodometer chariot, white heron chariot, luan-qi chariot, chong-de 
chariot, animal skin chariot, yellow battle ax chariot, leopard tail 
chariot, shu chariot, five chariot, liang chariot, xiang-feng-wu-yu 


f 
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chariot, xing-lou-yu chariot, twelve divinities yu chariot, percussion 
instrument and drum chariot, zhong-gu-lou-yu chariot ... ©... EAR 
— > i> Ki AM HE BR ER PM om 
Sh OL > BOR BHAA HEBER » HE > = : 
FAGV HT > LER EH > PGCE > GREE > BUT HE > 
ma > FLL > CHL» ALBUS > TIRE 
CREE 
Song Shi, Thi, Chapter 149 and Zhi, No. 102, Yu Fu One, South Point- 
ing Chariot (2-4 BUTI BR - 
Fase) [18] 

The south pointing chariot was reddish. Both boxes were painted with 
green dragon and white tiger, and flowers, birds, entertainers, arch, 
and perfume pouches on the four sides. There was a figure on top that 
pointed south whichever direction the chariot traveled. Four horses 
were secured to one shaft that had a phoenix tip. There were originally 
eighteen drivers, but they were increased to thirty during the Yong-xi 
period of Emperor Tai Zhong. During the fifth year of the Tian Sheng 
period of Emperor Ren Zong, engineering officer Yan Su began to 
build a south pointing chariot. Yan Su told the emperor: ‘When the 
Yellow Emperor battled with Chi You in Zhuolu, Chi You conjured up 
thick fog and the soldiers lost their sense of direction. The emperor 
thus ordered the building of a south pointing chariot. And, during the 
reign of Zhou Cheng Wang, Shang of the land of Yue sent an emissary 
to bring presents. The emissary could not find his way home. Zhou 
Gong thus gave him a south pointing chariot. After that, the method 
was lost. Zhang Heng of Han Dynasty and Ma Jun of Wei period built 
it, but the device was lost due to turmoil. When Emperor Wu of the 
Song Dynasty conquered the city Changan, he tried to build the device 
but was unsuccessful. Zu Chong-zhi also tried to replicate the device. 
During the later Wei period, Emperor Tai Wu ordered Guo Shan-ming 
to build the device, but Guo Shan-ming tried for many years and was 
unsuccessful. Ma Yue of Fu Feng was commissioned to build one, but 
was killed by Guo Shan-ming before the device was completed. The 
method of building the device was thus lost again. During the middle 
years of the Yuan He period of the Tang Dynasty, Jin Gong-li brought 
a south pointing chariot and a hodometer to the emperor, and Em- 
peror Xian Zong inspected them in Lin De Palace in preparation for 
the imperial convoy. From the Five Dynasties until the current ad- 
ministration, the method had not been known. Today, the chariot can 
be built using the following method. There is a single-shaft in the char- 
iot. There is an extra construction on the outer chassis of the chariot. 
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The wooden figure stands on top and raises its hand to point to the 
south. There are nine gears with a total of 120 teeth. There are two 
base gears six chi in height and their circumference is nineteen chi. 
On them are two smaller gears with two chi four cun in diameter and 
a circumference of seven chi and two cun. There are 24 teeth on them, 
and the distance between teeth is three cun. Two small gears with thre 
cun in diameter are attached to the end of the shaft and connected by 
an axle. The small left and right level gears are one chi and two cun in 
diameter with 12 teeth. The big center level gear is four chi and eight 
cun in diameter with a circumference of fifteen chi. It has 48 teeth with 
a distance of three cun between teeth. There is an axle at the center of 
the chariot. It is eight chi high and three cun in diameter. On top of the 
axle is the wooden figure that points to the south. If the chariot moves 
to the east, the shaft rotates to the right. The base and smaller gears 
on the right advance 12 teeth, that connect with the small level gear at 
the right one full circle. This in turn connects with the big level gear at 
the center causing it to turn one-fourth circle to the left, turning 12 
teeth. Therefore, if the chariot moves to the east, the wooden figure 
points to the south. If the chariot moves to the west, the shaft rotates to 
the left. The base and smaller gears on the left advance 12 teeth, that 
connect with the small level gear at the left one full circle. This in turn 
connects with the big level gear at the center causing it to turn one- 
fourth circle to the right, turning 12 teeth. Therefore, if the chariot 
moves to the west, the wooden figure points to the south. If the chariot 
moves to the west, the shaft rotates to the left. If the chariot moves to 
the north, east, west, the mechanics are the same. The emperor can is- 


sue an edict to build a south pointing chariot this way. " #34 EE > 


FIBRE. AVA PE SRE. Ae DOSER > ee 2) 


fel > SEHE > DUPQTE ESE, LALA > HEREITIF erate. He > 
BS BOR. BEET A > ARERR > BBE TA. LE 
ACRE TLE > CASED Hace RASS RE. BRLZSE] : "pay bile 
TORR RECS > ORLA > FREAD 
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MCR. WRF BORD it Rot oes 
~+Po > RAAB, ROK Boz) > ERK 5p > sth 
2. ARR > HR—ROS > MBH: AR > 
Bir. LE pA ie > ian RAS al at 


Ro®= Tt. ERIARRHILA > HT > RAGE. SARTO + HE 
iA ibe > Wa eS + — eg > Ba) I> AS 
fin 7c he VO Za > ERT > ORAS. eM 
Pel > Hele Ace > WA ee ie - — eg > BRAC) 7B ig — ITE > 
fig HC AB AS o> He BEEP >» ANA CTT 
fa. AKAGI > BOR BPE? Be. MORK PAAR 
Zo J J 

Song Shi, Zhi, Chapter 149 and Zhi, No. 102, Yu Fu One, South- 
Pointing Chariot (--@- AAI: SE-B BBR 
Fara HL) [18] 

During the first year of the Da Guan period, Wu De-ren of the court 
attendant office also presented plans for building a south pointing 
chariot and a hodometer. When the two chariots were built, they were 
used during the sacrificial rites to the ancestor that year. The south 
pointing chariot was one zhang, one chi, one cun and five fen (7, an- 
cient Chinese length of one tenth of a cun) long, nine and a half chi 
wide, and one zhang and nine cun deep. The diameter of the gear was 
five chi and seven cun, and the shaft was one zhang and five cun. 
There were two layers on the upper and lower portion of the chariot 
box. A screen was installed at the middle. There was a human figure 
holding a cane, a turtle and crane by its side, and four child figures 
holding tassels on the four corners. A roof was installed on top. There 
were 13 horizontal gears each with one chi, eight cun and five fen di- 
ameter and circumference of five chi, five cun and five fen. The gears 
had 32 teeth each, and the distance between the teeth was one cun and 
eight fen. The central axle passed through the screen. There were 13 
mid-sized to larger level gears below. The diameter of the gear was 
three chi and eight cun; the circumference was one zhang, one chi and 
four cun. The gears had 100 teeth, and distance between teeth was one 
cun, two fen and five li (# ancient Chinese length of one tenth of a 
fen). The gears were connected to the ones above and moved horizon- 
tally and vertically. Two small level gears each had a hanging weight. 
The gears had a diameter of one chi and one cun, a circumference of 
three chi and three cun. They each had 17 teeth, and the distance be- 
tween teeth was one cun and nine fen. There were secondary gears on 
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38. 


both their sides. The diameter of these gears was one chi and five cun, 
the circumference was four chi, six cun and five fen. Each gear had 24 
teeth, and the distance between teeth was two cun and one fen. There 
were also two auxiliary gears on each side. The diameter of the lower 
auxiliary gears was two chi and one cun; circumference was six chi 
and three cun. There were 32 teeth, and distance between teeth was 
two cun and one fen. Diameter of the upper auxiliary gears was one 
chi and two cun, circumference was three chi and six cun. There were 
32 teeth, and distance between teeth was one cun and one fen. There 
was one vertical gear on each side of the chariot shaft. The diameter 
of the gear was two chi and two cun, and circumference was six chi 
and six cun. The gears had 32 teeth, and the distance between teeth 
was two cun, two fen and five li. There were also small wheels at the 
back of the chariot shaft. The wheels had no teeth, and were tied to the 
bamboo where the rope was tied to rods of both sides. T KEL ° 


ARP ECR. CHEZ fl] >» (HOR > HAP AIA 
fetaiZ. HR —k—R-YP AS LR » RE 
AT > HERARCT > Hie—-xcAy. HSE RRSP 
abe > Ze A aa > A eS — > BS 
a EER. EA To BERT: BARATA 
GIs Piel cies pee CEC sie BBE B > B 


AEF — » Beg —R—A ay 2 i > Bafa 
FEA — TTT. SCARS -€-RATES > BRAT 
AA} > HO -HDU > BARA. Zee PH 
— Yt HARE t> He=+to> BAAD: E 
MSE-RoIY:) MERAT> HB=+o> BMA 
a}, THe Fe T° KORO: BINRAY > B= 
= BAAS IAA. PARR i > PR > BYTE 
SORA LE > BGT > SE > ANOS > WEI > Sa 
He. J 

Jin Shi, Zhi, Chapter 41 and Zhi, No. 22, Yi We (58-7 -@VU-+- 


iS BOT ee) [24] 
The coming of the heavenly family .... south pointing chariot, 
hodometer, ie persons each. ° K@VERE ... F8PAHL > sca > 
ane ee 
The eral convoy ... third year of the Da Ding period of the Em- 
peror Shi Zong ... south pointing chariot and hodometer, both need 
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TARAS ... HHP. aoe > 


twelve persons. § KPE Raf 
ioe er 
Jin Shi, Zhi, Chapter 43 and Zhi, No. 24, Yu Fu Vol. 1, Imperial 
Chariot (<250 +75 @UU T= 3 WG T-BAR EE K FAH ) 
[24] 

In the 11th year of the Da Ding period, there was to be an event in 
Nan Jiao. The office of temple protocols was ordered to inspect details 
of the event. The imperial convoy was to have jade, gold, elephant skin, 
animal skin, and wood chariots, one geng gen chariot, one ming yuan 
chariot, one south pointing chariot, one hodometer, one chong de 
chariot, one animal skin chariot, one jin xian chariot, one yellow 
battle ax chariot, one white heron chariot, one leopard tail chariot, 
one yao chariot, one ram chariot each, five animal skin chariots, and 
twelve shu chariots. ° Ke +—*# > JAAR > aA KSPR 
GE eet Ces ee ee ee ee 
vehi, SRE. acHBoge, See ei. R@HT HE HEHE Eee 
FSH. SA. SQke FA. BAR =e oH > BR 
9) J 

San Cai Tu Hui (= [eI ®?) [25] 

[D]ecorations on the right side of the chariot. Using the shu 
measuring instrument, the height was one chi, four cun and two fen, 
and the length at the bottom was seven cun and four fen. The linchpin 
had a diameter of three cun and seven fen. Diameter of the vertical 
wooden rod was three cun and four fen. A human figure was carved 
out of jade and its hand pointed to the south. At the foot of the figure 
was a circular hole for rotating axle; it was placed on top of the 
picture of Chi You. During the middle Yan You period, it was 
displayed in the Yao Mu nunnery. ©... AE. DARE ES yu 
Yoo KRET OS. BAOBIBE YES > HOOKERS 
THis. KABA > FR. CHIR > (epEeea > PAHS 
BZ. REIMER St. 
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7.2 Historical Development 


According to legend and historic records [4-9], it was said that both the 
Yellow Emperor (#877, ~2697-2599 BC) and Zhou Gong (J&JZS, ~1122- 
1035 BC) successfully invented south-pointing chariots. However, they 
were not recorded in official literature and there was not enough evidence 
to support the argument. In the Han Dynasty (206 BC-AD 220), several 
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references [9-11] supported the fact that south-pointing chariots were 
designed. South-pointing chariots appeared in some official literature from 
the time of the Three Kingdoms (AD 220-280) to the Jin Dynasty (AD 
1115-1234). During these periods, over 20 books and other official litera- 
ture mentioned that south-pointing chariots were successfully designed and 
manufactured. Moreover, a solid south-pointing chariot designed by Ma 
Jun (54) first appeared in the era of Three Kingdoms [9, 12, 13]. There 
were two detailed records about the exterior shape and the interior struc- 
ture of south-pointing chariots in the publication Song Shi (#52) , that 
is, History of the Song Dynasty, including one design by Yan Su (Jet) in 
AD 1027 and another by Wu De-ren (2/#{—) in AD 1107 [18]. Initially, a 
south-pointing chariot might have been used for military purposes, but in 
later periods, it became a chariot in an imperial convoy to show the power 
and prestige of the emperor. Also, the size of south-pointing chariots 
gradually became larger. Furthermore, no records regarding south-pointing 
chariots were found after the Yuan Dynasty (AD 1206-1368). 

Figure 7.1 shows a device named the south-pointing chariot in the 
publication San Cai Tu Hui (=> |&l€7) compiled by Wang Qi (+-4/}) in 
AD 1607 [25]. Though a chariot, this device had no wheels. Since the 
applications of magnetic needles (compass) were popular in the Ming 
Dynasty (AD 1368-1644), this design might have been used as a toy with a 
hidden magnet inside to indicate the south-north direction. 

The development of south-pointing chariots was not a series of 
improvement from an existing design. The designs that appeared in 
different dynasties were likely to have been invented independently. The 
objects were always destroyed or lost in wars during dynasty changes. So 
far, no relevant ancient objects or archaeological relics have been found, 
and no publication could clearly provide any inner ancient mechanism. As 
a result, the structure of mechanisms of south-pointing chariots in ancient 
China cannot be assured and their design remains a mystery. 

In the 18th century, scholars began to study the existence of south- 
pointing chariots in ancient China. In early days, people often confused the 
chariot with the compass, and they even believed that the south-pointing 
chariot operated via a magnet hidden inside. In 1732, A. Gaubil [26] and 
other scholars in Europe assumed that the south-pointing chariot was 
equivalent to the compass. In 1834, J. Klaproth [27] misunderstood and 
translated the “south-pointing chariot” into “char magnetique,” thinking 
that its wooden man whose finger pointed to the south was by means of a 
magnet concealed in its body. In 1908, F. Hirth [28] doubted the feasibility 
of controlling the output to fix the same direction by the use of several 
gears. He wrote: “... It appears that all that was turned out was a machine 
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consisting of certain wheels, possibly registering the movements of the 
axle of a chariot in such a manner as to cause an index to point in the same 
direction, whatever direction the chariot might take. I do not know whether 
such a construction is actually within the range of possibility.” 
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Figure 7.1 South-pointing chariot in San Cai Tu Hui (= fale?) [25] 


In 1909, H. A. Giles [29] translated into English two paragraphs of 
descriptions of Yan Su’s south-pointing chariot in the publication Song Shi, 
that is, History of the Song Dynasty, but failed in his attempts to 
manufacture the model. In 1925, A. C. Moule [30] retranslated the 
descriptions into a more exact version and successfully reconstructed Yan 
Su’s south-pointing chariot invented in the Song Dynasty (AD 960-1279). 
Figure 7.2 shows such a concept. It was a fixed-axis design with an 
automatic clutch. As the chariot moved and turned, the shaft pulled a rope 
with a fixed pulley to control the small gear that was adjacent to the 
central large gear and the vertical gear. The later works of M. Hashimoto 
[31] in 1926 and Y. Mikami [32] in 1928 further supported Moule’s 
concept. 
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Figure 7.2 Moule’s concept of Yan Su’s south-pointing chariot [30] 


In 1937, Wang Zhen-duo (+ 4%) [33] organized and analyzed 
various historical writings in ancient China, improved Moule’s concept, 
and built a physical model of Yan Su’s south-pointing chariot as shown in 
Figure 7.3. In Moule’s concept, the pole was above the large central 
horizontal wheel, while in Wang’s model the pole was below the large 
wheel with a supporting shelf between the two parts to balance the large 
wheel and to facilitate the movement of the pole. 


Figure 7.3 Wang’s design of Yan Su’s south-pointing chariot [33] 


7.3 Recent Development 217 


Around 1924, K. T. Dykes proposed the idea of using a differential 
gearing system for south-pointing chariots. Dykes pointed out that Moule’s 
argument was slow and complicated and only a differential gearing system 
could arrive at the advantages of easy controlled and high accuracy. 
However, Dykes also admitted that there is no evidence to prove the theory 
of a differential gearing system. 

In 1947, G. Lanchester [34] built a physical model of a south-pointing 
chariot with a differential gearing mechanism, Figure 7.4. Lanchester 
bypassed historical materials and suggested that the interior structure of 
south-pointing chariots should be of similar mechanism to the differential 
gearing transmissions in automobiles, to permit one wheel to run faster 
than the other when turning. Perhaps such a hypothesis is another solution 
to the mystery of south-pointing chariots. However, the concept of a 
differential gearing system was not found in applications in ancient China. 
Thereafter, J. Needham [35], S. H. Li [36], and J. Y. Lu [37] summarized 
studies in south-pointing chariots while some scholars focused on 
designing different interior mechanisms [38—46, 48-51]. 


Figure 7.4 Lanchester’s design of the south-pointing chariot [34] 


7.3 Recent Development 


There were two directions in the study of south-pointing chariots taken in 
the past years. One emphasizes textual criticism of records of ancient lit- 
erature and recovery [30, 31, 33, 48, 49]; the other hypothesizes that south- 
pointing chariots existed and accordingly designed the inner mechanisms 
based on their characteristics and functions [38—46, 50, 51]. Regarding the 
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former, only Wang Zhen-duo had successfully recovered Yan Su’s south- 
pointing chariot based on the statements in Song Shi, that is, History of the 
Song Dynasty. For the latter, many scholars have designed individual 
south-pointing chariots with mechanisms that included gears, linkages, 
ropes, pulleys, and friction wheels. 

In 1954, Liu Xian-zhou [47] criticized the designs of Moule and Wang 
because the description of Yan Su’s south-pointing chariot did not mention 
the ropes and pulleys. In 1962, he [48] pointed out that Bao Si-he’s (fif7 Ei 
1) design of Yan Su’s south-pointing chariot in 1948, Figure 7.5, was 
more reasonable. In 1977, A. C. Sleeswyk [49] proposed a fixed-axis 
design of Yan Su’s south-pointing chariot with an automatic clutch and 
gears, ratchets, pallets, and pole, Figure 7.6. While turning around, the 
ratchet and the detent mesh the gears through the pole arrangement and 
transmit motion to the output. This design was extremely complex and the 
components were not found in applications in ancient China. 

In recent years, some scholars have provided a series of designs 
especially based on differential gear trains with no consideration to histo- 
rical literature. Such designs are accurate in determining direction, simple 
in operation, and concise in mechanism. 

In 1979, Z. M. Lu proposed three designs of south-pointing chariots 
[38], Figure 7.7, one of which is similar to Lanchester’s concept. In 1982, 
Z. R. Yan emphasized that in the book Song Shu (<=) , that is, Book 
of the Song Dynasty, regarding Zu Chong-zhi’s (jiH}'#,Z) south-pointing 
chariot, it can only be achieved with a differential gearing system: “... the 
chariot was refined, and no adjustments were necessary even after 
hundreds of rotation.” "... LOHIGERY > GHAFIEl> AR. 4 . He 
also provided two designs as shown in Figure 7.8 [39]. In 1986, Y. Z. 
Yang designed two south-pointing chariots [41], Figure 7.9. In 1990, M. 
Muneharu and K. Satoshi showed a design based on differential gear trains 
with 16 spur gears, Figure 7.10 [42, 43]. In 1996, L. C. Hsieh, J. Y. Jen, 
and M. H. Hsu synthesized the design of south-pointing chariots for 
arbitrary planetary gear trains with two degrees of freedom [45], Figure 
7.11. In 1999, Y. J. Chen provided a design with rollers and ropes instead 
of spur and bevel gears as in Lanchester’s model, Figure 7.12 [46]. In 2006, 
H. S. Yan and C. W. Chen synthesized all possible design configurations 
of south-pointing chariots with differential design specifications and 
requirements [1], and Figure 7.13 shows one of the feasible designs. 
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Figure 7.5 Bao’s design of Yan Su’s south-pointing chariot [48] 


Figure 7.6 Sleeswyk’s design of Yan Su’s south-pointing chariot [49] 
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Figure 7.8 Yan’s south-pointing chariots [39, 40] 
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Figure 7.9 Yang’s south-pointing chariots [41] 


Figure 7.10 Muneharu and Satoshi’s south-pointing chariot [42, 43] 
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Figure 7.11 Hsieh, Jen, and Hsu’s south-pointing chariots [45] 
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Figure 7.13 Yan and Chen’s south-pointing chariot [1] 


224 Chapter 7 South-pointing Chariots 


7.4 Topological Structures 


In 1994, J. Y. Lu [37] classified south-pointing chariots into two types: 
fixed-axis type and differential type according to historical records and 
inner mechanisms. The fixed-axis-type south-pointing chariots are close to 
historical descriptions in Song Shu, that is, Book of the Song Dynasty, 
with one degree of freedom. But this type of chariot is difficult to control. 
Instead, differential-type south-pointing chariots provide better perfor- 
mance and accuracy, and the degrees of freedom are two. However, such 
a design or relative applications was not discovered in ancient China. 

Functionally, existing designs of south-pointing chariots can be divided 
into four parts including two inputs, a transmission mechanism, a passive 
feedback mechanism, and an output, Figure 7.14 [1]. 


Transmission Passive Feedback 


Mechanism Mechanism 


Figure 7.14 Decomposition of south-pointing chariots 


Inputs 

According to the historical records of ancient China, south-pointing 
chariots had two wheels as the inputs. When the chariot makes a straight- 
line motion, the two inputs have the same angular velocity and the body 
fixes the direction. When the chariot turns left or right, the angular 
velocities of the two inputs are different, causing the body to rotate. 
Transmission mechanism 

The transmission mechanism connects the two inputs and the passive 
feedback mechanism. There are two types: one directly connects the input 
members with the wheels, such as the design of Z. R. Yan [39]. The other 
adds some components for transmitting motions, such as the design of M. 
Muneharu and K. Satoshi [43]. 

Passive feedback mechanism 

The passive feedback mechanism is the main part of a south-pointing 
chariot. In the fields of cybernetics and natural science, there are two types 
of feedback: positive feedback and passive (negative) feedback. The 
former enlarges the input signals, and the latter balances the whole system. 
The passive feedback mechanism receives the two inputs, and outputs the 
same rotational angle of the carriage in the opposite direction. From this 
perspective, J. Needham [35] suggested that the south-pointing chariot was 
the first cybernetic device in the world. 
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Output 


The output is a member of the passive feedback mechanism that shows the 
fixed direction. According to historical records of ancient China, there was 
a wooden figure of a person on the output link whose finger pointed to the 
desired fixed direction. 

The process for analyzing the topological structures of south-pointing 
chariots is as follows, Figure 7.15 [1]. 


Existing Designs 


Delete symmetrical 
and redundant link 


Passive Feedback Mechanism 
Schematic representation 
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Topological Matrix Generalized Kinematic Chains 


Figure 7.15 Analysis of topological structures of south-pointing chariots 


Step 1. 


Step 2. 


Step 3. 
Step 4. 


Step 5. 


Analyze existing designs to differentiate the inputs, the 
transmission mechanism, the passive feedback mechanism, and 
the output. 


Delete redundant links and symmetrical links from the passive 
feedback mechanism obtained in Step | to simplify the number of 
links and joints. 

Draw the corresponding schematic diagram from the result 
obtained in Step 2 and assign numbers to all links and joints. 
Transform the schematic diagram obtained in Step 3 into its 
corresponding generalized kinematic chain. 

List the topology matrix of the schematic diagram obtained in 


Step 3 or the generalized kinematic chain obtained in Step 4 to 
recognize the incidence and adjacency among members and joints. 
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Again, Figure 7.16(a) shows the south-pointing chariot designed by 
George Lanchester, as previously shown in Figure 7.4 [34]. The analysis 
of this design is as follows: 

1. The two inputs are the left wheel K,,. and right wheel K,.;. The trans- 
mission mechanism includes members K;,, K;,;, and K,,2. The passive 
feedback mechanism includes members K;,, Kye1, Kia, Kia, and Kre. 
And, member Ky, is the output link. 

2. Based on the result in step 1, delete the redundant member K; 4). 

. Based on the result in step 2, draw the corresponding schematic diagram 
and then assign numbers to all links and joints, as shown in Figure 
7.16(b). 

4. Based on the result in step 3, transform the schematic diagram into the 

corresponding (5, 6) generalized kinematic chain as shown in Figure 
7.16(c). 


ies) 


Zo SiN 
K, 
Ki, 


(b) Schematic diagram (c) Generalized kinematic chain 


Figure 7.16 Lanchester’s south-pointing chariot and its generalized kinematic 
chain [34] 
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Through the process of analysis, the topological characteristics of all 
available south-pointing chariots can be concluded. The mechanical 
components of existing designs include linkages [31, 33, 34, 38-46, 48— 
51], gears [30, 33, 34, 38-46, 48-51], ropes and pulleys [30, 33, 45], and 
frictional wheels [45]. 

Based on the analysis of 25 existing designs, Figure 7.17 shows two 
topological structures of south-pointing chariots with four members, 
Figure 7.18 shows seventeen topological structure of south-pointing 
chariots with five members, Figure 7.19 shows three topological structures 
of south-pointing chariots with six members, Figure 7.20 shows two 
topological structures of south-pointing chariots with seven members, and 
Figure 7.21 shows one topological structure of south-pointing chariot with 
eight members [45]. 

Many different designs have the same topological structures after 
obtaining the corresponding generalized kinematic chains. For the existing 
south-pointing chariots shown in Figures 7.17—7.21, the designs in the 
following groups have the same generalized kinematic chains: 

1. The designs shown in Figure 7.18 (5), Figure 7.18 (13), and Figure 7.18 
(14). 

2. The designs shown in Figure 7.18 (11) and Figure 7.18 (12). 

3. The designs shown in Figure 7.18 (2), Figure 7.18 (12), and Figure 7.18 
(15). 

Existing designs of south-pointing chariots with a fixed-axis wheel system 

are fewer than those with a differential gearing system because the latter 

are easier to control and the inner constructions are more flexible than the 

former. From literature studies, only two designs belong to the system with 

a fixed-axis wheel [33, 48]. As a result, based on the analysis of 

topological structures, the characteristics of south-pointing chariots with a 

fixed-axis wheel system are concluded as follow: 

1. The topological structures are different between the phases of the 
straight motion and the turning motion. 

2. The topological structures are symmetrical to the line from the output to 
the frame. 

3. The degree of freedom is 1. And, there is a link or a rope that functioned 
as a clutch when the chariot changes direction. 

4. The function of the pulleys is to change the direction of the ropes. 

Figure 7.22(a) shows the design by Z. D. Wang [33] and its corresponding 

topological structure in the form of a generalized kinematic chain. In the 

phase of turning motion, a shaft pulls the rope to control the up or down 

movement of the two gears that connect to the output gear and two wheels. 

Since only half of the mechanism is affected in the turning motion, the 
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generalized kinematic chain can be divided into two identifiable parts 
along the symmetrical axis as shown in Figure 7.22(b). However, for the 
sake of simplicity, the pulleys are ignored [1]. 
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Figure 7.17 Topological structures of south-pointing chariots with four members 
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(b) [34] 


Figure 7.18 Topological structures of south-pointing chariots with five members 
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(d) [38] 


Figure 7.18 (Continued) 
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Figure 7.18 (Continued) 
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Figure 7.18 (Continued) 
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(3) [46] 
Figure 7.18 (Continued) 
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(I) [41] 


Figure 7.18 (Continued) 
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Figure 7.18 (Continued) 
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(p) [44] 


Figure 7.18 (Continued) 
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(q) [44] 
Figure 7.18 (continued) 
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Figure 7.19 Topological structures of south-pointing chariots with six members 
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Figure 7.19 (Continued) 
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Figure 7.20 Topological structures of south-pointing chariots with seven members 
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Figure 7.21 Topological structures of south-pointing chariots with eight members 
[46] 


7.5 Representations of Joints and Members 


Some of the existing designs have the same generalized kinematic chain, 
but the inputs and the output are identified as different members. 
Furthermore, different designs are also obtained by replacing different 
types of gears and by designing different transmission subsystems. 
Therefore, detailed representations are needed to identify the joints and 
members in the generalized kinematic chain of south-pointing chariots. 

From the results of analysis, all axial directions of revolute joints in 
existing mechanisms of south-pointing chariots are either horizontal or 
vertical to the ground. For nonrevolute joints, there are three connecting 
types: perpendicular, internal, and external. The representation of joints is 
as follows: 


7.5 Representations of Joints and Members 241 


Joe of joint 
typeof joint 


in which the subscript denotes the type of joint and the superscript denotes 
the characteristic of the joint. For revolute joints, there are two 
characteristics: vertical (Dy) or horizontal (Dy) to the ground. For 
nonrevolute joints, there are three types: the joint is incident to two 
members with perpendicular axial direction (G,), the joint is incident to 
two members with parallel axial direction and with external connection (G,) 
or internal connection (G;), respectively. For examples, the joint denoted as 


Bs fa indicates that the axial direction of a revolute joint is vertical to the 


a: Gita Bie 
ground, and the joint denoted as J,” indicates that the characteristic of a 


gear joint is incident to two gears whose axial directions are perpendicular 
to each other. However, it is not necessary to identify any particular 
characteristic for a fixed joint, i.e, a joint without any relative motion. 
Although the passive feedback mechanism is the key in a south- 
pointing chariot, the design of the inputs, the output, and the transmission 
mechanism are also indicated in the final results. In fact, some existing 
designs have the same passive feedback mechanism but with different 
inputs, transmission parts, and output. This information should be included 
in the topological structure. The representation of members is as follows: 


K input/output, typeof transmisson part 
typeof member 


in which the subscript denotes the type of members and the superscript 
denotes the input/output and type of transmission part. For examples, a 


joint denoted as K a indicates a gear as input | and that the trans- 


mission part is composed of gears, while a joint denoted as K. ae indicates 


a roller as input 2 and that it is directly adjacent to the wheel. 

Figure 7.22(c) shows the corresponding generalized kinematic chain of 
Wang’s design based on the above-mentioned representations of joints and 
members. Figure 7.23(a) and (b) show the corresponding generalized 
kinematic chains of Lanchester’s design and Hsieh’s design, respectively. 
The advantage of such representations of members and joints is that the 
designer can transform all feasible designs into different generalized 
kinematic chains in the process of analysis, while retaining information on 
the inputs, the output, and the transmission mechanism. In addition, such 
representations are also useful for systematically synthesizing all possible 
design concepts of south-pointing chariots. 
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, Symmetrical Axis 


(a) Wang’s design and its topological structure 


, Symmetrical Axis 


(b) Dividing into two identical parts along the symmetrical axis 


, Symmetrical Axis 


(c) Topological structure with particular identities 


Figure 7.22 Analysis of Wang’s south-pointing chariot 
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Figure 7.23 Generalized kinematic chains of Lanchester’s and Hsieh’s designs 
with new representations 


7.6 Reconstruction Design 


Figure 7.24 shows the design procedure for synthesizing the topological 
structure of south-pointing chariots. It consists of the following five steps: 


Step 1. 


Step 2. 


Step 3. 


Step 4. 


Design specifications 

The mechanisms of south-pointing chariots might have various 
components in different dynasties based on the ancient scientific 
theories and technologies of that time. Therefore, the first step of 
the design process is to define the design specifications, including 
the types and numbers of members and joints, and to conclude the 
topological characteristics. 


Generalized kinematic chains 

According to the design specifications defined in Step 1, the atlas 
of generalized kinematic chains with the required numbers of 
links and joints can be generated based on the algorithm of 
number synthesis [52], or simply identified from Section 4.4. 


Specialized chains 

Through the process of specialization, specific types of members 
and joints are assigned to every generalized kinematic chain 
available in Step 2 to obtain the corresponding atlas of specialized 
chains subject to design requirements and constraints concluded 
from the topological characteristics. 


Specialized chains with particular identities 

The axial direction of each revolute joint and connection 
characteristic of each nonrevolute joint are assigned first. The 
members of the inputs and the output are identified, and a suitable 
type of the transmission mechanism with the atlas of specialized 
chains derived in Step 3 is combined to generate the atlas of 
specialized chains with particular identities. 
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Step 5. Reconstruction designs 


According to the requirements of motion and function of the 
designs, the corresponding schematic formats are particularized 
from the atlas of specialized chains with particular identities to 
establish the atlas of reconstruction designs. 


In what follows, various examples for the reconstruction design of south- 
pointing chariots in different dynasties of ancient China are presented 
according to the process shown in Figure 7.24. 
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Figure 7.24 Process of reconstruction design 


Differential types with Four Members 


In the process of mechanism design, engineers always accomplish the mo- 
tion and functional requirements with fewer links. Since the south-pointing 
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chariot is composed of two inputs, one output and a frame, the number of 
links is at least four. Therefore, the differential-type south-pointing chari- 
ots with four links are synthesized as follows (Example 7.1). 


Step 1. Design specifications 

The type of member is open in this case. The design specifications are: 

1. The number of links of the passive feedback mechanism is four. 

2. The degree of freedom is two. 

3. Mechanical components are linkages, gears, ropes, pulleys, and rollers. 


Step 2. Generalized kinematic chains 

For a planar mechanism with two degrees of freedom (F, = 2) and four 
links (N; = 4), the number of joints is 4 (N; = 4; one joint with two degrees 
of freedom and three joints with one degree of freedom) or 5 (N; = 5; three 
joints with two degrees of freedom and two joints with one degree of 
freedom). Figure 7.25(a) and (b) show the atlas of generalized kinematic 
chains with four links and four and five joints, respectively. 


(a) N.=4, N,=4 (b) N,=4, N,=5 
Figure 7.25 Atlas of generalized chains (Example 7.1) 


Step 3. Specialized chains 

Once the atlas of generalized kinematic chains is obtained, all possible 

specialized chains can be identified according to the following substeps: 

1. For each generalized kinematic chain, identify the frame link for all pos- 
sible cases. 

2. For each case obtained in substep 1, assign revolute joints. 

3. For each case obtained in substep 2, assign nonrevolute joints. 

The members and the joints must be assigned subject to the following 

design requirements and constraints: 

Frame (Kr) 

1. One of the links in each generalized kinematic chain must be the frame. 

2. A frame must not be included in a three-bar loop in the chain. 

3. A frame must be a multiple link in order to have two input members and 
one output member. 
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Revolute joint (Jp) 

1. There must be N; — 1 revolute joints. 

2. Any joint incident to the frame must be a revolute joint. 

3. Every link must have at least one revolute joint. 

4. There can be no loop formed exclusively by revolute joints. 
Rolling joint (Jo) or gear joint (Jc) 

1. A binary link cannot have two gear or rolling joints. 

2. A ternary link can only have two gear or rolling joints. 

3. There can be no three-bar loop formed exclusively by gear joints. 
After assigning all types of joints and members, the atlas of specialized 
chains can be obtained as shown in Figure 7.26. 


Figure 7.26 Atlas of specialized chains (Example 7.1) 


Step 4. Specialized chains with particular identities 

In this step, the axial directions of revolute joints and the characteristics of 

nonrevolute joints are identified as follows: 

1. Identify the superscript “Dy” or “Dy” to each revolute joint. 

2. There must be at least one revolute joint in the horizontal direction. 

3. The subscript of nonrevolute joints is identified as “G,” to represent the 
axial directions of the two adjacent members that are perpendicular to 
each other. 

4. The subscript of nonrevolute joints is identified as “G,” or “G,” to 
represent the axial directions of the two adjacent members that are 
horizontal. Here, subscript “i” or “e” indicates that the two gears (rollers) 
incident to a gear (rolling) joint can be internal or external. 

Different designs are obtained by assigning different members as the two 

inputs and the output in the specialized chains as follows: 

Input 

(a) The input link must be adjacent to the frame. 

(b) Input 1 must not be adjacent to input 2. 
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Output 

(a) The axial direction of the output link must be vertical to the ground. 

(b) There can be no loop formed exclusively by the two inputs and the 
output. 

Finally, the type of transmission mechanism in all specialized chains is 

considered. The transmission mechanism connects the two inputs and the 

passive feedback mechanism. In general, the simplest solution is direct 

connection. Since the gear train system of south-pointing chariots may add 

a compound gear as the transmission mechanism, south-pointing chariots 

with frictional components have two choices: one is to add a compound 

roller and the other is to connect with pulleys and ropes. As a result, the 

atlas of specialized chains with particular identities is obtained as shown in 

Figure 7.27. 


Step 5. Reconstruction designs 

It should be noticed that the rotational direction of the output should be 
opposite to the chariot when turning left or right. Figure 7.28 shows the 
corresponding eight design concepts of differential-type south-pointing 
chariots with four links for the atlas of specialized chains with particular 
identities shown in Figure 7.27. And, the one shown in Figure 7.28(d) is 
the design by Z. R. Yan [39]. 


7.8 Gear Train Differential types with Five Members 


Available literature indicates that most of the feasible mechanisms of the 
differential-type south-pointing chariots are gear train systems with five 
members. According to archeological study, it seems that gears were 
applied to some mechanical devices during the Qin Dynasty (221-206 Bc) 
and the Han Dynasty (206 BC-AD 220). Furthermore, many agricultural 
machines in ancient China used gears. Hence, most scholars agree that the 
south-pointing chariots were designed with gear train systems in ancient 
China. Therefore, the goal of this design example (Example 7.02) is to 
generate all possible designs of the differential-type south-pointing 
chariots with five members and with gear train systems. Thus, the design 
specifications are as follow: 

1. The number of links of the passive feedback mechanism is five. 

2. The degree of freedom is two. 

3. Mechanical components are links and gears. 
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Figure 7.27 Atlas of specialized chains with particular identities (Example 7.1) 


Following the same design procedure shown in Figure 7.24 and 
described in Example 7.1, the corresponding atlas of generalized kinematic 
chains can be obtained according to the theory of number synthesis. There 
are two (5, 6) generalized kinematic chains and one (5, 7) generalized 
kinematic chain as shown in Figure 7.29. Besides, the numbers of gear 
joints and revolute joints are calculated in this step. The next step is to 
generate feasible specialized chains. Since Figure 7.29(a) and (c) do not 
satisfy the design requirements and constraints, there is only one feasible 
specialized chain as shown in Figure 7.30 which contains two gear joints 
and four revolute joints. Next, the axial directions of revolute joints and 
characteristics of gears need to be identified to generate the atlas of spe- 
cialized chains with particular identities. For example, Figure 7.31(b;)—(b,) 
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show that the axial directions of the four revolute joints are vertical to the 
ground, and the characteristics of the two gear joints are external conjuga- 
tion. Then, there are two possible assignments to the two inputs and the 
one output. One is that the two gears are assigned as the two inputs and the 
link is assigned as the output; the other one is that one gear and the link are 
assigned as the two inputs and another gear is assigned as the output. Re- 
garding the transmission mechanisms, either a direct or compound connec- 
tion of gears can be utilized. Therefore, the atlas of specialized chains with 
particular identities is obtained as shown in Figure 7.31. According to the 
procedure of particularization, Figure 7.32 shows the atlas of 18 recon- 
struction designs in which Figure 7.32(d,) is Lanchester’s design [34], 
Figures 7.32(a4) and 7.32(d4) are Lu’s designs [38], Figure 7.32(d3) is 
Yan’s design [40], Figure 7.32(as) is Yang’s design [41], and Figure 
7.32(a3), (b;), and (bz) are Hsieh’s designs [45]. 


Figure 7.28 Atlas of reconstruction designs (Example 7.1) 
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Figure 7.29 Atlas of generalized kinematic chains (Example 7.2) 


Figure 7.30 Atlas of specialized chains (Example 7.2) 
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Figure 7.31 Atlas of specialized chains with particular identities (Example 7.2) 
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Figure 7.32 Atlas of reconstruction designs (Example 7.2) 
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7.9 Differential types with Ropes, Pulleys, and Friction 
Wheels 


In ancient China, the development of labor-saving devices matured and 
found various applications, as presented in Section 3.2, especially the rope- 
and-pulley mechanisms. Winches were very popular and widely used 
before the Qin Dynasty (221-206 BC). Moreover, friction wheels have the 
function of transmitting continuous rotational motion and the advantage of 
being simple in structure. In this example (Example 7.3), differential-type 
south-pointing chariots with ropes, pulleys, and friction wheels are 
synthesized. Thus, the design specifications are as follow: 

1. The number of links of the passive feedback mechanism is five. 

2. The degrees of freedom are two. 

3. The mechanical components are ropes, pulleys, and friction wheels. 

For practical applications, the two friction wheels adjacent to a rolling 
joint have only an external connection. The rope-and-pulley is applied as 
the transmission mechanism. 

Following the same design procedure as shown in Figure 7.24 and 
described in Example 7.1, the corresponding atlas of generalized kinematic 
chains can be obtained according to the theory of number synthesis. There 
are two (5, 6) generalized kinematic chains and one (5, 7) generalized 
kinematic chain shown in Figure 7.33. Furthermore, the numbers of rolling 
pairs and revolute pairs are calculated in this step. The next step is to 
generate feasible specialized chains. Since Figures 7.33(a) and (c) cannot 
satisfy the design requirements and constraints, the number of the atlas of 
specialized chains is only one, Figure 7.34. Next, the axial directions of 
revolute pairs and characteristics of gears need to be identified to generate 
the atlas of specialized chains with particular identities. For example, 
Figure 7.34(a) shows that the axial directions of the four revolute pairs are 
vertical to the ground, and the characteristics of the two rolling pairs have 
external connection. Then, there are two possible assignments to the two 
inputs and the one output. One is that the two rollers are assigned as the 
two inputs and the link is assigned as the output, the other one is that one 
roller and the link are assigned as the two inputs and another roller is 
assigned as the output. Regarding the transmission mechanisms, either a 
direct connection or with ropes and pulleys can be utilized. Hence, the 
atlas of specialized chains with particular identities as shown in Figure 7.35 
is obtained. According to the procedure of particularization, Figure 
7.36 shows the atlas of four reconstruction designs in which Figure 
7.36(b) is Y. J. Chen’s concept [46]. 
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Figure 7.33 Atlas of generalized kinematic chains (Example 7.3) 


Figure 7.34 Atlas of specialized chains (Example 7.3) 
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Figure 7.35 Atlas of specialized chains with particular identities (Example 7.3) 
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Figure 7.36 Atlas of reconstruction designs (Example 7.3) 
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7.10 Fixed-axis types with Three Members 


Since the half configuration of a south-pointing chariot is composed of one 
input, one output, and the frame, the number of links is three at least. This 
example (Example 7.4) synthesizes the fixed-axis wheel system south- 
pointing chariots with three members as follows. 


Step 1. Design specifications 

The type of member is open in this case, and the design specifications are: 

1. The number of links of the half passive feedback mechanism is three. 

2. The degree of freedom is one regardless of going straight or turning a 
corner. 

3. The mechanical components are linkages, gears, and rollers. 


Step 2. Generalized kinematic chains 

For a planar mechanism with one degree of freedom (F, = 1) and three 
links (Ny = 3), the number of joints is three (N; = 3; one joint with two 
degrees of freedom, and two joints with one degree of freedom). Figure 
7.37(a) shows the atlas of generalized kinematic chains with three links 
and three joints. 


(a) Generalized chain 


Figure 7.37 Atlases of generalized kinematic chains and specialized chains 
(Example 7.4) 
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Step 3. Specialized chains 

Once the atlas of generalized kinematic chains is obtained, all possible 
specialized chains can be identified according to the following substeps: 

1. For each generalized chain, identify the frame link for all possible cases. 
2. For each case obtained in substep 1, assign revolute joints. 

3. For each case obtained in substep 2, assign nonrevolute joints. 

These steps are carried out subject to the following design requirements 
and constraints: 

Frame (Kr) 

1. One of the links in each generalized kinematic chain must be the frame. 
Revolute joint (Jr) 

1. Any joint incident to the frame must be a revolute joint. 

2. Every link must have at least one revolute joint except for belts/ropes. 

3. No loop can be formed exclusively by revolute joints 

Gear joint (Ja) or rolling joint (Jo) 

1. A binary link cannot have two gear joints or rolling joints. 

2. A ternary link can only have two gear joints or rolling joints. 

3. No three-bar loop can be formed exclusively by gear joints. 

After assigning all types of joints and members, two specialized chains are 
obtained as shown in Figure 7.37(b). 


Step 4. Specialized chains with particular identities 

In this step, the axial directions of revolute joints and the characteristics of 

nonrevolute joints are identified first according to the following points: 

1. Identify the superscript “Dy” or “Dy” of each revolute joint. 

2. There must be at least one axial direction of revolute joint as the vertical 
direction. 

3. The subscripts of nonrevolute joints are identified as “G,” to represent 
the axial directions of the two adjacent members that are perpendicular 
to each other. 

4. The subscript of nonrevolute joints is identified as “G;” or “G,” to repre- 
sent the axial directions of the two adjacent members that are horizontal. 
Here, subscript “1” or “e” indicates that the two gears (rollers) adjacent 
to a gear (rolling) joint can be internal or external. 

Different designs can be obtained by assigning different members as the 

two inputs and the output in the specialized chains. The inputs and the 

output are identified as follows: 

Input 

1. The input link must be adjacent to the frame. 

Output 

1. The axial direction of the output link must be vertical to the ground. 

2. The output link must be adjacent to the frame. 
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Finally, the type of transmission subsystem in all the specialized chains is 
considered. The transmission subsystem is adjacent to the two inputs and 
the passive feedback mechanism. Here, the simplest solution, a direct 
connection, is chosen. As a result, six specialized chains with particular 
identities are obtained as shown in Figure 7.38. 


Figure 7.38 Atlas of specialized chains with particular identities — half of the 
design (Example 7.4) 


Step 5. Reconstruction designs 

The two identical specialized chains with particular identities obtained in 
the above step are combined, Figure 7.38, along the symmetrical axis to 
obtain the complete configurations of the designs shown in Figure 7.39. 
Also, the rotational direction of the output should be opposite to the chariot 
when turning left or right. 

Figure 7.40 shows the corresponding six design concepts of the fixed- 
axis wheel system south-pointing chariots with three links for the atlas of 
specialized chains with particular identities shown in Figure 7.39. The one 
shown in Figure 7.39(d,) was designed by S. H. Bao [48]. 
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Figure 7.40 Atlas of reconstruction designs (Example 7.4) 
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7.11 Fixed-axis types with Two Members 


According to the analysis of existing designs, there are at least three 
members in the half configuration of south-pointing chariots. However, the 
wheels can be directly connected to the output link. In this case (Example 
7.5), the design specification that there must be one link as the input can be 
removed to synthesize the simplest designs, that is, the fixed-axis wheel 
south-pointing chariots with two members. 


Step 1. Design specifications 

The type of member is open in this case. And, the design specifications are: 
1. The number of links of the passive feedback mechanism is two. 

2. The degree of freedom is one. 

3. The mechanical components are links, gears and frictional wheels. 


Step 2. Generalized kinematic chains 

For a planar mechanism with one degree of freedom (F, = 1) and two links 
(Ny = 2), the number of joints is one (N; = 1; one joint with two degrees of 
freedom). Figure 7.41(a) shows the generalized kinematic chains with two 
links (open chain). 

Step 3. Specialized chains 

For generating the specialized chains, the two links are assigned to the 
frame and the output link respectively due to the reasons that the input 
links are eliminated and one joint is assigned as the revolute joint. The 
output link can be a gear or a frictional wheel. Finally, two specialized 
chains are obtained as shown in Figure 7.41(b). 


Step 4. Specialized chains with particular identities 

There is only one way to assign the horizontal axis to the revolute joint of 
the output. The transmission mechanism connects the two inputs and the 
passive feedback mechanism. Here the simplest solution, a direct connec- 
tion, is chosen. As a result, there are two specialized chains with particular 
identities as shown in Figure 7.41(c). 


Step 5. Reconstruction designs 
In this case, the two identical specialized chains with particular identities 
along the symmetrical axis do not need to be combined, since the output 
connects directly to the two wheels. Figure 7.41(d) shows the atlas of two 
reconstruction designs. These two designs have the least number of links 
and are the simplest mechanisms. 
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(a) Generalized chain 
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— 

_ 

(di) (da) 

(d) Atlas of designs 


Figure 7.41 Simplest designs (Example 7.5) 


7.12 Fixed-axis types with Various Elements 


Yan Su’s (#HeA 


H}) south-pointing chariot, reconstructed by Z. D. Wang, 


contains ropes and pulleys for pulling the gears. In fact, in ancient China, 
the developments of labor-saving devices were very mature and had 
various applications, especially the rope-and-pulley mechanisms. Moreover, 
winches were widely used before the Qin Dynasty (221—206 BC). Besides, the 


friction wheels 
motion and the 


have the function of transmitting continuous rotational 
advantage of simplicity in structure. In this case (Example 


7.6), the fixed-axis wheel south-pointing chariots with ropes, pulleys, 
pulleys, gears, linkages, and friction wheels are synthesized. 
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Step 1. Design specifications 

The type of member is open in this case, and the design specifications are: 
1. The number of links of the passive feedback mechanism is four. 

2. The degree of freedom is one. 

3. The mechanical components are links, gears and frictional wheels. 


Step 2. Generalized kinematic chains 

The one rope and two fixed joints are ignored since they do not function 
when the south-pointing chariot moves straight ahead. First, for a planar 
mechanism with one degree of freedom (F, = 1) and four links (N; = 4, 
includes three members and one rope), the number of joints is five (N; = 5; 
one joint with two degrees of freedom, two joints with one degree of 
freedom, and two fixed joints). Therefore, the generalized kinematic chain 
is four links and five joints as shown in Figure 7.42(a). 


(a) Generalized chain 


(bi) (b2) 
(b) Specialized chains 


Figure 7.42 Atlases of generalized kinematic chains and specialized chains 
(Example 7.6) 


Step 3. Specialized chains 

In this example, one link is added as a rope. The process of specialization 
is the same as in Example 7.4. The design requirements and constraints of 
the rope/belt and fixed joint are as follows: 

1. The belt/rope must be a binary link. 

2. The belt/rope cannot be adjacent to the frame. 

3. Any joint incident to the belt/rope must be a fixed joint. 
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Here, only the link which is not adjacent to the frame can be assigned to 
the rope, and two results are obtained as shown in Figure 7.42(b). 

Step 4. Specialized chains with particular identities 

Following the same representation, the characteristics of all members and 
joints are assigned in this step except the rope and the fixed joints. Then, 
the simplest solution, a direct connection, is chosen. As a result, six speci- 
alized chains with particular identities are obtained as shown in Figure 7.43. 


Figure 7.43 Atlas of specialized chains with particular identities — half of the 
design (Example 7.6) 


Step 5. Reconstruction designs 
The same two specialized chains with particular identities obtained in the 
above step along the symmetrical axis are combined to obtain the complete 
configurations of the designs as shown in Figure 7.44. Note that the 
rotational direction of the output should be opposite to that of the chariot in 
the turning motion. 

Figure 7.45 shows the corresponding six design concepts for the atlas 
of specialized chains with particular identities shown in Figure 7.44. The 
one shown in Figure 7.45(e) is Z. D. Wang’s design [33]. 
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Figure 7.45 Atlas of reconstruction designs (Example 7.6) 
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Chapter 8 Walking Machines 


Studies and publications on modern walking machines appeared only in 
the last 100 years. However, according to ancient Chinese records, walking 
machines, devices that mimic the horse or ox using mechanical legs, might 
have been created before the time of Christ, especially the Wooden Horse 
Carriage (WXEL) of Lu Ban (#2) around 480 BC and the Wooden Ox 
and Gliding Horse (7X4F-}7i. 55) of Zhu-ge Liang (#44542) around 230 AC. 
These inventions were treated as novelties, and they can be found in 
literary records but without surviving hardware. 

This chapter systematically reconstructs all feasible designs of Lu 
Ban’s wooden horse carriage with mechanical legs that meet the scientific 
and technological standards of the subject’s time period [1-6]. Historical 
background, literature and development of ancient Chinese walking 
machines are studied and discussed. Works involving restoration are also 
presented. Finally, two examples based on different design requirements 
and constraints are provided. 


8.1 Lu Ban the Man 


Lu Ban (4k) (~507-444 Bc), whose original family name was Gong-shu 
(Z\tay), was a master carpenter and inventor in the State of Lu during the 
Era of Spring and Autumn (770-481 Bc). Although believed to be a native 
of Dunhuang in ancient China, there is no definite reference to his 
ancestral origin [7]. 

According to legend, Lu Ban was not fond of learning when he was 
young, but was enlightened when he studied under the scholar Zi Xia 
(+32). Later, by coincidence, he received lessons from Bao Lao-dong 
(#52 =), and learned fine wood-carving skills. Because the family of Lu 
Ban was engaged in handicrafts manufacturing, his major profession 
became carpentry, specializing in building houses and making furniture 
and other utilities. 

Since the working tools and devices were primitive during his time, 
work had to be done manually. Each job was drudgery. But Lu Ban had a 
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muscular physique; he was bright, and his works were refined. The houses 
he built were strong and durable, and the furniture he made was elegant. 
People near and far came to him for carpentry work, and he was kept busy 
all the time. However, even if business was good, if he could not produce 
on time, it would still be problematic. Lu Ban therefore began inventing 
and improving his tools, including the saw, planning tool, drill and shovel, 
carpenter’s ink marker, carpenter’s square, and hook and peg on the ink 
marker. Furthermore, Lu Ban’s wife was also believed to be an inventor. 
She made an umbrella for Lu Ban to carry, enabling him to work outside 
under any weather condition. 

Lu Ban was not only an excellent carpenter; he was also an outstanding 
inventor. He invented the bridge-tower which was a very tall contraption 
used to attack castles for the State of Chu. He also made a wooden kite to 
spy on enemy castles. He manufactured arms for Chu’s warships, and 
invented a kind of hook and iron mast that enabled Chu’s ships to maneuver 
efficiently upstream. But what fascinated people most were his designs for 
the wooden kite and the wooden horse carriage. 


8.2 Literary Works Related to the Wooden Horse 
Carriage 


The following are literary works about Lu Ban found in ancient Chinese 
historical records. 
Wooden kite (7X5) 
1. Mo Zi- Chapter 5: Article Lu Wen (42 7-- BAGS) [8] 
Lu Ban was bragging about how amazing his flying kite was, made 
from bamboo sticks, because it could fly in the sky for three days. Mo 
Zi reminded him that his flying kite was no match to the cart made by 
the artisan, because it could carry 50 dan (a unit of weight of dry 
measure for grain) with only a piece of wood three cun thick. © 7S 4§j 
FAVA» ROTTS EARP + AWE DS ETG °F 
Bt Al > PZ ieee TA ZS E > ARIS ZI 
MEATAZH ° 4 
2. Huai Nan Zi- Chapter 11- Article Qi Su Xun (}E PA - 4-H 
all) [9] 
Mo Zi told Lu Ban that his kite that could fly for three days in the sky 
could not be put to better use. © @0t-F UAB ES MAZ 27S 
Sem aS th ° 3 
3. Lun Heng: Chapter 8: Article Ru Zeng (jm / VGHEE ) [10] 
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According to book Ru Shu, Lu Ban and Mo Zi built a wooden kite that 
could fly for three days. I believe this is possible, because if his 
wooden horse carriage could travel for three days, and he applied the 
same principle with the wooden kite, then the kite could fly for three 
days, too. "PETE BULS TF ZIISAARES ? FCSAM. KR 
SRUARRIRZ WH: SHRIOAME ZH: KRYKBBUR 
Pol HEAR NSRP BRERA > ZQHE BS = Foe A — 
MATER > RIM SBRT SAKA. 
4. Lun Heng- Chapter 16, article Luan Long ¢ gf - 43--7\-ELAE SD 
[10] 
Lu Ban and Mo Zi built the wooden kite which could fly for three days, 
it was an amazing creation.” © @PtBPYARSRZ= Amt 
Fe ZI5th. 
Wooden horse carriage (ASHES) 
The most realistic account of the wooden kite was in the book Ru Shu ¢(# 
<3) [11]. Mo Zi (427) was born in 468 BC, 39 years later than Lu Ban. 
According to legend, Mo Zi was skilled in inventing tools. He spent 3 
years building a wooden bird, but it could only stay in the sky for | day. 
Lu Ban bragged that his wooden bird could stay for 3 days, and that his 
work was superior to that of Mo Zi. Mo Zi later commented that the 
wooden bird of Lu Ban was no match for the wooden carts built by 
artisans, for these carts could carry 50 dan of heavy load with only a piece 
of wood three cun thick. 

The book Mo Zi (#24) [8] was jointly written by Mo Zi and his 
students. The discussion between Mo Zi and Lu Ban, as documented in 
Chapter 5 of the book, would therefore be realistic. In addition, there were 
also records of the wooden bird of Lu Ban in Chapter 11 of the book Han 
Zi YuPing (4 -it#) [12], Chapter 11 of the book Huai Nan Zi (}ER¥ 
-¥-) [9], and Chapters 8 and 11 of the book Lun Heng ¢ s##7) [10]. 

According to legend, Lu Ban was a filial son. He built a wooden horse 
carriage for his aged mother so that she would not tire herself when she 
went out. The carriage was designed to move without need of human 
control. It first appeared in the book Lun Heng by Wang Chong (-E%, ~ 
27-97 AC) in the Eastern Han Dynasty [10]. It states: “It is said that Lu 
Ban was mourning of the loss of this mother. He built a wooden horse car- 
riage which was well equipped and needed no manual intervention. When 
his mother rode on it, it sped away never to return. If the mechanical prin- 
ciple used on the wooden kite was the same as that used in the wooden 
horse carriage, then it would fly in the sky. If the mechanism he installed 
on the carriage would not operate automatically for more than three days, 
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then ne would have found his mother along the three-day route.” " ay ti(& 
Bel: | 09> CHORE. 1 SIO LESRH PARES > ONES > & 
Baia > aeAP EE > —Bi- Biss > AR ECR. WINS BA A BOK, 
SSRILAIRA SE > REBAR ZA I Neen — A > HIDR HSI Ner = A IEES 
iPS > FRRSTEZRDARR. 4 (Figure 8.1) 


ERE 
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ke SF ~ >) See St TRA Sake aa 


He fot SES Be SR | by BE RE 
aba IT] eh at Ss 


Figure 8.1 Description of Lu Ban’s wooden horse carriage in Lun Heng ¢ fr) [10] 


The work of Wang Chong was primarily a response to the book Ru 
Shu. There was a part in it that questioned the credibility of the claim that 
the flying contraption of Lu Ban could stay in the sky for 3 days. Wang 
Chong believed, however, that if the carriage of Lu Ban could move 
automatically without stopping, then if Lu Ban had applied the same 
mechanical principle for his kite, then it could also fly for 3 days without 
falling. Furthermore, if the wooden carriage could not move on its own, 
then when Lu Ban’s mother was riding in the carriage, the carriage should 
have stopped moving somewhere, enabling Lu Ban to find his mother 
along the 3-day carriage route. According to historical records, however, 
Lu Ban’s mother was never found. 
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Lu Ban lived in Dunhuang, a place full of mountainous slopes. This 
may also strongly imply that his carriage could move in the rugged 
mountainous terrain based on the principle of inertia and using the concept 
of balance of energy. 

Literary works about the carriage were few, but there were many 
records of Lu Ban’s wooden bird in history books. Therefore, based on the 
book Lun Heng by Wang Chong, the existence of the wooden horse 
carriage of Lu Ban could be proven indirectly. If the wooden bird had 
existed, then the carriage must have existed also because the design of the 
flying device should be more difficult than the ground carriage. In addition, 
if the carriage were operated by linkage mechanisms, it would not be a 
problem for a carpenter like Lu Ban. The most critical issues were the 
correct dimensions and assembly of the parts. To somebody like Lu Ban 
who had no modern technological background, the structure of the device 
would certainly be based on experiments done with rich engineering 
experiences. Therefore, the creation of the wooden horse carriage was 
possible. 

The wooden horse carriage of Lu Ban was invented under such a 
condition; but the invention was treated as a novelty and quickly 
disappeared. No relevant information about his invention was recorded 
because the scholars during that time were ignorant of technological 
knowledge. Nevertheless, it is the earliest story of ancient Chinese walking 
machine. 

Based on the records of the above-mentioned history books, the 
existence of the wooden horse carriage and the wooden bird should be 
valid. Seen from a modern technological perspective, if the account of 
Wang Chong was true, then the wooden horse carriage would be one of the 
major inventions of ancient China. Unfortunately, the invention was lost 
during the Eastern Han Dynasty (AD 25-220). Consequently, people are 
not able to see this magnificent work today. 

In past history, very few scholars studied lost ancient Chinese walking 
machines. However, in recent decades, scholars who believe that the 
wooden horse carriage of Lu Ban was an enigmatic ancient invention have 
been reproducing the device. Around 1986, Wang Jian (=Ejpij) of Urumqi 
in province Xinjiang of China, built a wooden horse carriage based on his 
ingenious experience and sense of practicality, Figure 8.2 [5, 6]. This 
design is composed of a walking mechanism with leg function and a trailer 
with balance function. The walking mechanism has four sets of eight-bar 
linkage with the same configurations. 
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Figure 8.2 The wooden horse carriage by Wang Jian 


8.3 Literary Works Related to the Wooden Ox and Gliding 
Horse 


Another famous walking machine named wooden ox and gliding horse (7X 
A~ i, 5) in ancient China was invented by Zhu-ge Liang (#4#)7¢) in the 
Era of Three Kingdoms (AD 220-280). 

The book History of the Three Kingdoms ( =[57&) by Chen Shou 
(==) recorded that [13]: “In the ninth years, Zhu-ge Liang staged another 
war at mountain Qi, used the wooden ox to transport supplies. The army 
retreated when the supply was exhausted. The general of Wei, Zhang He, 
was killed in a battle by the army of Shu. In spring of the twelfth year, 
Liang led his army through the valley, using the wooden ox as transport. 
His army camped at Wu Zhang Yuan, opposing the army of King Si-ma 
Xuan in Wei Nan.” "iE > SSRI] > DIAS > ESE» SR 
HES ASCH > ATA. PARR > SCR ACREB RAE > DORA > HB 

BWA > fale ESN. 4 This narration clearly indicated 
that the cattle machine was created for food supplies in the rough terrain of 
mountainous regions. It first appeared in AD 209, and was a machine 
invented due to the necessities of war. 


Since the legendary cattle machine of Zhu-ge Liang did not survive to 
the present and historical records on the subject are not comprehensive, 
scholars have different opinions about its existence. Several theories have 
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been proposed in the past hundreds of years. Two major credible theories 
are: the device is a single-wheel barrow (Figure 8.3), and the device is a 
four-legged walking contraption. 
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Figure 8.3 A single-wheel barrow [14] 


Many books and records supported the theory that the wooden ox and 
gliding horse was a four-legged walking machine. The earliest one was in 
the Biography of Zu Chong-zhi in the book Nan Qi Shu « py2*35 - Hy 
i218) [15]. It stated that: “Zhu-ge Liang invented machines, namely the 
wooden ox and gliding horse, that were powered neither by the wind nor 
water, and the wooden ox and gliding horse carried loads without need of 
man’s physical efforts.” " Lage sc AAAS > 75ia—ds > RAB 
7k > ABS ASH > 746-497, 4 The book further described that when left 
on a slope, the wooden ox and gliding horse moved down without human 
intervention. 

Author Li Fang (24), in his Tai Ping Imperial Panorama (A7#] 
%) [16], further classified the wooden ox and gliding horse as “skilled 


\y 


276 Chapter 8 Walking Machines 


invention” rather than “military gadget,” adding support to the theory. The 

Instructions on Making Wooden Ox and Gliding Horse in book Zhu-ge 

Liang Collection (#423246: VEAKEESIE) [17] described the wooden 

ox and gliding horse as raising two shafts to walk four hooves forward, 

while a man moves six chi. Furthermore, there are many impartial 
historical narratives on the wooden ox and gliding horse, such as: 

Biography of Zhu-ge Liang (a4 %)7¢() [18], Yuan He Prefecture and 

County Policies (7CAI#B RAG) [19], Tale of the End of the Han 

Dynasty (7 () [20], Other Tales of Pu Yuan (3 7c HI) [21], 

Collective Analysis on the History of the Three Kingdoms ( = [die 

ff) [22], Book of Shu (4j#) [23], History of the Political Units of 

Han Dynasty (2b) [24], Wei’s Records of the Spring and Autumn 

Period (#iFQ#e*k) [25], and Inscriptions in the Zhu-ge Temple (sa 5% 

FE JRAREEZ ) [26]. Materials that are helpful in the reproduction of the cattle 

machine include: Zi Zhi Chronicle (4j}A@iH#£) [27], Book of General 

References (3HiHE) [28], Romance of the Three Kingdoms ( = Bilysi#e ) 

[29], and Instructions on Making Wooden Ox and Gliding Horse in 

book Zhu-ge Liang Collection [17]. 

Although literature did not specifically record the use of the wooden ox 
and gliding horse, the importance and contributions of the device to the 
Shu Kingdom in the Era of Three Kingdoms (AD 220-280) can be 
rationalized from their contents. 

The book Zhu-ge Liang Collection — Instructions on Making Wooden 
Ox and Gliding Horse described this machine as “being able to carry 
heavy loads but advances slowly, suitable for cumbersome tasks and not 
for light applications.” "2 i{TY > HATKA > AA/ME. g  This 
statement directly pointed out the main function of the device. There are 
two theories regarding its description [30, 31]: 

1. The cattle machine was suited for military applications and not for 
transporting light cargoes. This theory assumes that the device was 
created for transport purposes during war. The production of such 
devices was not easy and high technology was involved. Thus, it seems 
impractical for this device to be used as a civilian transport. 

2. The cattle machine could carry heavy loads, but it moved slowly. The 
conditions during that time, however, did not allow it to make many trips. 

If the reference material is understood in its entirety, the second theory 

seems more rational. 

After the wooden ox and gliding horse of Zhu-Ge Liang was lost to 
civilization, Zu Chong-zhi (ji4j'1.2, AD 429-500) reproduced his version 
of the machine, but it too was lost. 
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Around 1986, Wang Jian of Urumqi in province Xinjiang in China, 
built his version of the wooden ox and gliding horse based on his 
ingenious experience and sense of practicality, Figure 8.4. This design is a 
33-link, four-legged walking machine. The mechanisms on both sides of 
the device are symmetrical, and they are connected to a common crank that 
causes the links of the two sides to move in opposite directions. When the 
legs on one side of the machine move during the supporting stage, they 
initiate striding movement of the two legs on the other side. The four links 
of the front hooves correspond with the four links of the rear hooves; and 
they are connected to two equal-length long links. When the rear hoof 
moves, the momentum is passed through the long links, forcing the front 
hoof to move in step. The knee joint of the front leg is in front of the point 
where the hip joint touches the ground. When the front leg is raised, the 
joint protrudes forward. On the contrary, the knee joint of the rear leg is 
behind the point where the hip joint touches the ground. When the leg is 
raised, the knee joint protrudes backward. In this way, the movement of 
the machine closely approximates that of real cattle. And, the two legs on 
either side of the machine operate in a synchronous manner when it is 
moving. 
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In the Song Dynasty (AD 960-1279), the interpretations regarding the 
wooden ox and gliding horse became diverse. However, it is noteworthy 
that the poem Yang Ma Ge (#RSHK) by Su Shi (4#4s() (AD 1037-1101) 
described a horse planting rice seedlings in the field. The reasonable 
conjecture should be that there is a horse-shaped mechanical device 
helping the job of a farmer. Furthermore, the works of Yuan Mei (2/0) in 
the Qing Dynasty (AD 1644-1911) mentioned that Jiang Yong (/[.7k, AD 
1681-1762) could invent magical walking devices. For example, Chapter 
107 in the Bei Zhuan Collection «f#({#i42)}) said that: “Someone rode a 
wooden donkey that eats nothing and talks silence outside the city, and 
people took it as a weird thing. However, this amazed device was 
functioned mechanically based on Zhu- “fe Liang’s approach, not a weird 


thing.” "77 SiO} — ARG AAI ADRK. KE: Teen 
1H > MERA > JPR. 4 [5, 6] 
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Figure 8.4 The wooden ox and gliding horse by Wang Jian 


8.5 Reconstruction Design 


Subject to limited historical records and technological constraints in 
ancient eras, the procedure for the reconstruction of design concepts of 
possible wooden horse carriages is shown in Figure 8.5. It consists of the 
following four steps: 


Step 1. Design specifications 
Since no original designs are available from historical archives, 
and based on exhaustive literature study, basic design specifica- 
tions regarding the topological structure of the wooden horse car- 
riage are defined as follow: 
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1. It is a quadruped walking machine that generates specific gait 
locomotion, and it mimics the motion of a real horse. 
2. Each leg mechanism is a planar linkage with simple revolute 
joints and one degree of freedom. 
3. A carriage is attached to the body of the wooden horse to 
provide the function of balance. 
Step 2. Generalized kinematic chains 
The second step is to obtain or identify the atlas of generalized 
kinematic chains with the required numbers of links and joints 
subject to defined design specifications (topological characteristics 
by applying the algorithm of number synthesis [32] or simply 
identified from Section 4.4. 
Step 3. Specialized chains 
The third step is to have the atlas of specialized chains with 
assigned types of links and joints subject to the concluded design 
requirements and constraints for each generalized kinematic chain 
obtained in Step 2. 


Design Specifications 
Number synthesis Topological characteristics 


Figure 8.5 Process of reconstruction design 
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Step 4. Reconstruction designs 

The last step is to obtain the atlas of reconstruction designs from 
the atlas of specialized chains according to the motion and func- 
tion requirements of the ancient machinery, and by utilizing the 
mechanical evolution and variation theory to perform a mecha- 
nism equivalent transformation. Ancient science theories and 
technologies of the subject’s time period are applied to find ap- 
propriate and feasible mechanisms that can be considered as the 
reconstruction designs. 


8.6 Design Examples 


Here, the target wooden horse carriage comprises a four-legged walking 
machine with identical leg mechanisms and a trailer. All feasible 
topological structures of the leg mechanisms of six-bar (Example 8.1) and 
eight-bar (Example 8.2) types are synthesized in the following two 
examples [1-4]. 


[Example 8.1] 
Six-bar type wooden horse carriages. 

For a planar six-bar leg mechanism with simple revolute joints and one 
degree of freedom, based on Equation (2.1) for the degrees of freedom F, = 1, 
the number of members N; = 6, and the number of degrees of constraint of 
a revolute joint Cyr = 2, 


Nip = [3(NL = 1) = F,]/Cor 
=[(3)(6 — 1)-1]/2 
= 14/2 
=] 


the number of joints (Njg) is seven. 

Therefore, the leg mechanism of six-bar type wooden horse carriages 
should be a (6, 7) kinematic chain. And, there are two (6, 7) kinematic 
chains shown in Figure 4.22 and again in Figure 8.6. 

Once the atlas of the kinematic chains is obtained, all possible speciali- 
zed chains can be identified through the following substeps: 

1. For each kinematic chain, identify the thigh link (member 3, K,;) and 
the shank link (member 4, K,,) that are adjacent to each other for all 
possible cases. 

2. For each case obtained in substep 1, identify the ground link (member 1, 
Kp). 

3. For each case obtained in substep 2, identify the crank (member 2, K;,). 
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(a) (b) 


Figure 8.6 Atlas of (6, 7) kinematic chains (Example 8.1) 


These substeps are carried out subject to the following design requirements 

and constraints: 

1. It has a ground link (frame) as the body. 

2. It has a crank. 

3. The crank of the leg mechanism is adjacent to the body, and the fixed 
pivots of all the four cranks are coaxial. 

. It has a thigh link. 

. It has a shank link. 

The crank, the thigh link, and the shank link must be distinct members. 

The crank cannot be adjacent to the thigh link or the shank link. 

. The thigh link is adjacent to the body and the shank link. 

. The shank link cannot be adjacent to the body, but is adjacent to the 
thigh link. In addition, there is a foot point (coupler point) on the shank 
link to generate a path curve and to contact the ground. 

In what follows, the kinematic chain shown in Figure 8.6(a) is chosen as 

an example for the process of specialization. 

Thigh link (member 3, Ky ;) and shank link (member 4, K,s) 

Since there must be a thigh link which is adjacent to the shank link, four 

specialized chains with identified thigh link and shank link are available as 

shown in Figure 8.7. 

Ground link (member 1, Kr) 

Since there must be a link as the frame, the ground link can be identified 

based on the design requirements and constraints as follows: 

1. For the case shown in Figure 8.7(a), the assignment of the ground link 

generates three results, Figure 8.8(a)-(c). 

2. For the case shown in Figure 8.7(b), the assignment of the ground link 

generates two results, Figure 8.8(d) and (e). 

3. For the case shown in Figure 8.7(c), the assignment of the ground link 

generates three results, Figure 8.8(f)—(h). 
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Figure 8.7 Specialized chains with identified thigh link and shank link (Example 
8.1) 
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Figure 8.8 Specialized chains with identified thigh link, shank link, and ground 
link (Example 8.1) 
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4. For the case shown in Figure 8.7(d), the assignment of the ground link 
generates one nonisomorphic result, Figure 8.8(1). 

Therefore, nine specialized chains with identified thigh link, shank link, 

and ground link are available, as shown in Figure 8.8. 

Crank (member 2, K;.) 

Since there must be a crank that is adjacent to the ground link and that 

cannot be adjacent to the thigh link or the shank link, the crank can be 

identified as follows: 

1. For the case shown in Figure 8.8(a), the assignment of the crank 
generates two results, Figure 8.9(a;) and (ap). 

2. For the case shown in Figure 8.8(b), the assignment of the crank 
generates two results, Figure 8.9(a3) and (a4). 

3. For the case shown in Figure 8.8(c), the assignment of the crank 
generates two results, Figure 8.9(as) and (a¢). 

4. For the case shown in Figure 8.8(d), the assignment of the crank 
generates one result, Figure 8.9(a7). 

5. For the case shown in Figure 8.89(e), the assignment of the crank 
generates two results, Figure 8.9(ag) and (ao). 

6. For the case shown in Figure 8.8(f), the assignment of the crank 
generates one result, Figure 8.9(aj9). 

7. For the case shown in Figure 8.8(g), the assignment of the crank 
generates two results, Figure 8.9(a;,) and (aj). 

8. For the case shown in Figure 8.8(h), the assignment of the crank 
generates two results, Figure 8.9(a;3) and (aj4). 

9. For the case shown in Figure 8.8(i), the assignment of the crank 
generates one result, Figure 8.9(a;5). 

Therefore, 15 specialized chains with identified thigh link, shank link, 

ground link, and crank are available, as shown in Figure 8.9(a;)—(ais). 

By following the same process of specialization for the kinematic 
chain shown in Figure 8.6(b), 17 specialized chains with identified thigh 
link, shank link, ground link, and crank are available, as shown in Figure 
8.9(b,)-(b;7). In summary, there are a total of 32 feasible specialized 
chains available as the leg mechanism for six-bar type wooden horse 
carriages as shown in Figure 8.9(a;)—(b17). 

Figure 8.10(a;)(b17) show the corresponding schematic formats of the 
leg mechanisms, providing the atlas of all possible designs. Figure 8.11 
shows a physical model of a six-bar type wooden horse carriage based on 
the concept from Figure 8.10(b,) [3]. 
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Figure 8.9 Specialized chains with identified thigh link, shank link, ground link, 
and crank (Example 8.1) 
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Figure 8.10 Atlas of leg mechanisms for six-bar type wooden horse carriages 
(Example 8.1) 
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Figure 8.10 (Continued) 
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Figure 8.11 Physical model of a six-bar type wooden horse carriage (Example 8.1) 


[3] 


[Example 8.2] 
Eight-bar type wooden horse carriages. 

For a planar eight-bar leg mechanism with simple revolute joints and 
one degree of freedom, based on Equation (2.1) for the number of degrees 
of freedom F, = 1, the number of members N; = 8, and the number of 
degrees of constraint of a revolute joint Cyr = 2, 


Nor = [3(Ni = 1) a F,]/Cpr 
=[(3)(8 — 1)-1]/2 
= 20/2 
= 10 


the number of joints (Njp) is ten. Therefore, the leg mechanism of eight- 
bar type wooden horse carriages should be an (8, 10) kinematic chain. And, 
there are 16 (8, 10) kinematic chains as shown in Figure 4.23 and again 
here in Figure 8.12. 
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Figure 8.12 Atlas of (8, 10) kinematic chains (Example 8.2) 
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Once the atlas of the kinematic chains is obtained, all possible 
specialized chains can be identified through the following substeps: 

1. For each kinematic chain, identify the ground link (member 1, Kr) for 

all possible cases. 

2. For each case obtained in substep 1, identify the thigh link (K,,). 

3. For each case obtained in substep 2, identify the shank link (K,,). 

4. For each case obtained in substep 3, identify the crank (K;,). 

These steps are carried out subject to the following design requirements 

and constraints: 

1. It has a ground link as the body, and the ground link is a multiple link. 

2. It has a crank, and the crank is a binary link. 

3. The crank of the leg mechanism is adjacent to the body, and the fixed 
pivots of all the four cranks are coaxial. 

. It has a thigh link. 

. It has a shank link. 

The crank, the thigh link, and the shank link must be distinct members. 

The crank cannot be adjacent to the thigh link or the shank link. 

. The thigh link is adjacent to the body and the shank link. 

. The shank link cannot be adjacent to the body, but is adjacent to the 
thigh link. There is also a foot point (coupler point) on the shank link to 
generate a path curve and to contact the ground. 

In what follows, the kinematic chain shown in Figure 8.12(a) is chosen as 

an example for the process of specialization. 

Ground link (Kr) 

Since there must be a multiple link as the ground link, and due to the 

symmetry of links, anyone of the four ternary links in Figure 8.12(a) can 

be identified as the ground link. 

Thigh link (Ki) 

Since there must be a thigh link and the thigh link must be adjacent to the 

ground link, those three links adjacent to the ground link can be assigned 

as the thigh, Figure 8.13(a)+(c). 

Shank link (Kis) 

Since there must be a shank link and the shank link must be adjacent to the 

thigh link, the shank link can be identified as follows: 
1. For the case shown in Figure 8.13(a), the assignment of the shank link 
generates two results, Figure 8.14(a) and (b). 

2. For the case shown in Figure 8.13(b), the assignment of the shank link 
generates two results, Figure 8.14(c) and (d). 

3. For the case shown in Figure 8.13(c), the assignment of the shank link 
generates one result, Figure 8.14(e). 

Therefore, five specialized chains with identified ground link, thigh link, 

and shank link are available as shown in Figure 8.14(a)-(e). 


CONIDAA 


290 Chapter 8 Walking Machines 


(a) (b) (c) 


Figure 8.13 Specialized chains with identified ground link and thigh link (Exam- 


ple 8.2) 
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Figure 8.14 Specialized chains with identified ground link, thigh link, and shank 
link (Example 8.2) 
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Crank (Kr) 

Since there must be a binary link as the crank that is adjacent to the ground 

link, but that cannot be adjacent to the thigh link or the shank link, the 

crank can be identified as follows: 

1. For the case shown in Figure 8.14(a), the assignment of the crank 
generates one result, Figure 8.15(a). 

2. For the case shown in Figure 8.14(b), the assignment of the crank 
generates one result, Figure 8.15(b). 

3. For the case shown in Figure 8.14(c), the assignment of the crank 
generates one result, Figure 8.15(c). 

4. For the case shown in Figure 8.14(d), since the binary link adjacent to 
the ground link is also adjacent to the shank link, no result can be 
generated. 

5. For the case shown in Figure 8.14(e), since the binary link adjacent to 
the ground link is already assigned as the thigh link, no binary link is 
available to be assigned as the crank and no result can be generated. 

Therefore, three specialized chains with identified ground link, thigh link, 

shank link, and crank are available, as shown in Figure 8.15. 


(a) (b) (c) 


Figure 8.15 Specialized chains with identified thigh link, shank link, ground link, 
and crank (Example 8.2) 


By following the same process of specialization for the kinematic 
chains shown in Figure 8.12(b)-(p), 114 specialized chains with identified 
thigh link, shank link, ground link, and crank are available. In summary, 
there are a total of 117 feasible specialized chains available as the leg 
mechanism for eight-bar type wooden horse carriages as shown in Figure 
8.16(a1)-(ps). 

Figure 8.17 shows some of the corresponding schematic format of the 
leg mechanisms. It is interesting to note that the mechanism shown in 
Figure 8.17(b) is the leg mechanism of the wooden horse carriage by 
Wang Jian as shown in Figure 8.2. 
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Figure 8.16 Atlas of specialized chains with identified thigh link, shank link, 
ground link, and crank (Example 8.2) 
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Figure 8.16 (Continued) 
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Figure 8.16 (Continued) 
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Figure 8.16 (Continued) 
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Figure 8.16 (Continued) 
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Figure 8.17 Some leg mechanisms for eight-bar type wooden horse carriages 
(Example 8.2) 
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Figure 8.18 shows a physical model developed at National Cheng 
Kung University (NCKU), Tainan, TAIWAN in 1996 [1]. This carriage is 
pushed to move forward and pulled to move backward. It requires only a 
small force to push or pull to walk up a reasonable slope. When left on a 
slope, it moves down without human intervention due to gravity. This 
might prove that such an invention may be feasible as indicated in the 
book Lun Heng by Wang Chong (AD ~27—97) in the Eastern Han Dynasty 
(AD 25-220), the earliest historical record of this legendary design. 


8.7 Remarks 


Lu Ban’s wooden horse carriage is one of lost ancient Chinese machines 
with written descriptions but without illustrations and existing actual 
evidence. Restoration of this type is more difficult, and more imagination 
is required. 

Evolutionists see history in terms of steady progress through the ages. 
The life cycle of a mechanical device is usually long, and its function is 
normally improved gradually with the development of society. The design 
of a mechanical device basically relied on the continuity of experience, 
and its development should be a continuous and smooth process. Therefore, 
if Lu Ban’s wooden horse carriage in the Era of Spring and Autumn (770— 
481 BC) was real, Zhu-ge Liang’s wooden ox and gliding horse invented in 
the Era of the Three Kingdoms (AD 220-280), 600-700 years later, could 
have been the eventual improvement of the original wooden horse carriage. 
Furthermore, 700-800 years later the mechanical horse for possible rice 
seedlings in the Song Dynasty (960-1279) could have been a heritage 
resulting from an artisan’s family who had produced walking machines for 
generations. And, Jiang Yong of the Qing Dynasty (1644-1911) could also 
have been a member of the artisan’s family. 

Due to incomplete documentation and the loss of finished objects, the 
original structures of the walking machines, such as the wooden horse 
carriage of Lu Ban and the wooden ox and gliding horse of Zhu-ge Liang, 
have been a mystery through many eras. However, before new literature 
and/or hardware evidence are found, the proposed systematic approach for 
the generation of all possible topological structures of mechanisms subject 
to design requirements and constraints as described in Chapter 4 and 
Section 8.5 should be a novel direction and useful tool for assisting the 
study of lost ancient machinery. Thus, this chapter has sought in this spirit 
to trace the historical development of ancient Chinese walking machines. 
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Figure 8.18 NCKU’s eight-bar-type wooden horse carriage [1] 
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